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ABSTRACT 

Detailed studies have been carried out on the geology and geochemistry 
of six Cambrian and Ordovician stratabound ore deposits in the Anvil Range, 
Frances Lake and Howard's Pass districts in the southern Yukon and south- 
western District of Mackenzie, N.W.T. 

From a reinterpretation of the regional geological setting and chemical 
evidence m some conformable volcanic sequences in the western part of the 
region, the writer concludes that there existed a passive (e.g. Atlantic 
type) continental margin geosyncline in which initial continental separa- 
tion occurred over an extended period of time from Late Proterozoic to Lower 
Paleozoic in the western part of the geosyncline. Interruption or termina- 
tion of the initial continental separation took place in the Lower Paleo- 
zoic while the Atlantic type geosyncline continued to develop with a pro- 
grading sedimentary wedge building oceanward (westward). Major subsidence 
of buried marginal escarpments or basins beyond the continental slope oc- 
curred during this period. 

Chemical compositions, fluid inclusions and isotope compositions of 
sulfur, oxygen and lead of ore and gangue minerals, and country. rock sul- 
fides and bulk ores provide a firm basis for understanding ore-forming or 
metamorphic conditions of the deposits. 

Massive pyritic ore deposits in the Anvil Range district (Faro, Grun, 
Vangorda and Swim Lakes) were formed in the western part of the geosyncline 
as a consequence of mixing of redischarging heated connate brine (recycled 
seawater) with overlying seawater. The following physico-chemical fea~ 
tures characterize the Anvil ore fluids: temperature - 170 ~ 250°C; 


34 -34 “145 


pH - 4 v 6; 6S" of total dissolved sulfur - 25%; fo, - 10 ~" to 10 ~""; 


seawater depth > 400 . 1230 meters; confining pressure 2 45 ~ 140 bars; 
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total aqueous sulfur content (HS, SO), HS.) a0, 01 100,001 mole/kg water; 
NaCl equiv. wt. 4 - 2.3 \ 9.2 (averaging 6.5); immiscible C09 - 5 wt. 23 
density - 0.8 ~ 0.9 gm/cc; Fe - 19.4 ppm; Zn - 3 ppm; Pb - 0.6 ppm; Ba - 
0.13 ppm; Cu - 0.12 ppm; Mn - 0.07 ppm; Ag - 0.002 ppm. During regional 
and/or thermal metamorphism of the Anvil ore deposits up to about 300°C, 
the estimated fugacities of gaseous phases and metamorphic pressure as as 
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2 
ae pressure - 1.9 to 4.4 Kb (averaging 2.5 Kb). Lead isotopes 


fog - 10 
of Anvil ore minerals display an anomalous and apparent multistage lead 
pattern which probab ly was caused by "heterogeneous" circulation and/or 
interaction of heated seawater through a large volume of rocks. The age 

of the first stage (integrated source age) is 1400 m.y. and the age of 

the second stage (mineralization age) is between 410 ~ 500 THGLY: cheap BLEED OL 
ratio in the integrated source system is estimated to be 3.05, indicating 
an overall crustal environment. 

Stratabound As-Zn-Ag deposits at Thompson Creek, Frances Lake district 
(occurring in the "central" deeper basin or escarpment) was probably formed 
by diagenetic-epigenetic stratabound replacement of deep basin sediments 
as a consequence of boiling of ascending ore fluids which originated from 
waters equilibrated with sediments during burial and/or sub-seafloor geo- 
thermal metamorphism. Physico-chemical conditions and properties of the 
ore fluids are as follows: temperature - 194-345°C; salinity - 5 ~ 20 wt. 
4 NaCl (averaging 12 wt. “) s COp7 - 4.4 wt. 4; density - 0.81 ~ 0.94 gm/ce; 


~ - ~ -10. z 18 
foo - 10 Ne to 10 Bose Eom i hO eae to 10 Y = pH - 5.5 to 7.5; 60 - 


2 
4.6% ; 6s>4 of total aqueous sulfide species - 14.6%,; confining pressure — 
100 ~ 170 bars; water depth - 874 \ 1485 meters; total dissolved aqueous 


sulfide species (H2S and HS ) - 35 ppm; Fe - 0.07 ppm; Zn - 9.07 ppm; 


raw ga yedow [00.0 (ag = 


~ BE [tae 8. 


ettacash (a29 Eivah ss se aa a biG _ sewage 


USWTOS ewe de dos 
ea Pe laid- abs ait, ee (nd hase 


bf a, wt ay. ie ~ £00 $0 ses ; 


pi ak wkg ~ fp 1S ibe 


~ SwEeISR SONS AER: ay wstisge sbidive ‘ae WOR 46903- 


be: 7S. 40g, hele a ce eas oe 


* 


| 
7 Dak eseerig pioggag. te. nein be 
ae = - = =: ° rt al | : 


Ut ” » t ba ‘f- OlL- 
GF." OL = ark at: Oi 3 


ae 

ioc gto Lemony (toy va Lie mre 
ieporsien yi fangs eaw doula a 
HLGY eis g Paresls oy byl per bovaed: ogi 


Jif oh  CasB scale brie sBoger) ahs ‘g 


re, 


7 
. ee, oe 

Brats. ein Are * th fe 
Shee ptignn minogasest aes a b F 


4 ys 7 
:. oe 


on 
= 7 
asin : 
ine ce 


eis ors so thesees i. athe — 


So ee 
Eee 00 ie sore 
a = ind . N - y | 


rf. 

» hal 

4 ha | 
4 7 


J : i : = 
a eee 
Pe 29 SS SRRae ON, 


Pb - 0.02 ppm; Ag - 0.005 ppm; Mn - 0.003 ppm; Sb - 0.002 ppm; Cu - 0.001 
ppm. Studies of Fe-S, Fe-Zn-S and Fe-C-0-S systems indicate the following 
conditions prevailed during regional and/or thermal metamorphism up to 
about 350°C: fs, - 10’ to 10°’"’; fo, - 102? to 10°*’s f¢p, - 10° and 
metamorphic pressure - 2.5 to 6.2 Kb (averaging about 4 Kb). Lead isotope 
data of ore and sedimentary pyrite are linearly related and a two-stage 
calculation for the secondary isochron indicates an integrated source age 
of 1380 m.y. and a mineralization age of 400 ~% 500 m.y.. The ore lead was 
probably a mixing product of underlying Helikian basement rocks and the 
Cambro-Ordovician sediments (reworked basement ?). 

The deposits in the Howard's Pass district were formed in a near- 
shelf region and are typically well-laminated to disseminated, very fine- 
grained sulfides in silty-calcareous siltstones occurring over a wide area. 
Metal-bearing fluids were most probably derived from updip migration of 
intraformational brines from adjacent basins but might also through thermal 
spring activity. Physico-chemical properties and conditions of the ore 
fluids are: temperature - 60 v 180°C; salinity - 4.2 v 13.8 wt. % NaCl; 
density - 0.93 v 1.0 gm/cc; pH - 7 ~ 8; dissolved sulfate in pore waters < 
0.005 to 0.01 mole/kg water; confining pressure - 50 bars; water depth _ 
464 meters. The devas ietonal environment was probably a restricted shallow 
marine basin with relatively quiet deposition in an anaerobic, iron oxide- 
carbonate-inert sediment-bearing system; ore formation in siltstone took 
place through mainly non-biological, chemical reduction eebdtsearad sul- 
fate in pore waters or seawater without significant isotope fractionation 
due to "closed-system" effect or complete sulfate reduction. Ore and sed- 
imentary pyrite lead isotope data display a short-period anomalous pattern, 


-and two stage calculation gives an integrated source age of 1960 - 2015 m.y. 
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and a mineralization age of 350 - 450 m.y.. Th/U ratios in source rocks 
ere variable and mixing of several heterogeneous source materials was 
suspected. The ore leads were probably derived from sources where sedi- 
ment accumulation approximates single-cycled, closed-basin conditions in 
Precambrian terrains. 

Characteristic features of ore deposits forming in distinctive sedi- 
mentary-tectonic settings across a passive continental margin geosyncline 
(of former divergent plate margin) may be significant and have general 
application in similar geological settings in both ancient and modern 


environments. 
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Chapter I 


INTRODUCTION 


A. OBJECTIVES OF STUDY 

This study originated from the writer's interest and curiosity 
about the variations in geological setting and mineral assemblages in 
"stratabound" ore occurrences in the southeastern Yukon Territory. The 
writer started his involvement in the region by working in the Frances 
Lake district in 1971. In the following two years, he Beccite familiar 
with conditions of ore formation and variation in ore deposits of simi- 
lar age in the Anvil Range near Ross River and Howard's Pass on the 
Yukon Territory - Northwest Territories border (Fig. Tone Equipped 
with the knowledge gained while working in the three districts, he set 
out to pursue a new type of study in an attempt to resolve certain ques- 
tions. The study is new because it is the first time a systematic 
study has been carried out on a number of ore deposits of essentially 
similar age in a geological setting analogous to a continental margin 
environment. The basic objectives of this study are: 

(1) to understand the variations in features .observed in essenti- 
ally coeval ore deposits in terms of an ancient continental margin en- 
vironment; 

(2) to estimate, through extensive isotopic and other geochemical 
studies, the physico-chemical conditions under which these ore deposits 
formed; 

(3) to establish and compare working models for the ore-forming 


processes involved in these ore deposits; 
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Three ore districts under study, south-central 
Yukon Territory and southwestern Districtiof 
Mackenzie, Northwest Territories. 

1. Anvil Range 


2. Frances Lake 


3. Howard's Pass 
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(4) to indicate, through the relative success and limitation of 
the working models, the significance of the conclusion on similar 
stratiform/stratabound ore deposition forming on a continental margin 


geosyncline. 


B. OUTLINE OF WORK COMPLETED 

A total of 10 months was spent in the field in the three districts 
in 1971, 1973, and 1974. Geological mapping was carried out by the 
writer in the Frances Lake district in detail, and also in part of the 
Howard's Pass district. Geological mapping of the Anvil Range district 
has been carried out by Tempelman-Kluit of the G.S.C. and Jennings of 
Cyprus-Anvil Mining Corporation in detail; the writer's field observa- 
tion in this district adds only minor amendment to the geology. Through 
the cooperation of the Canex Placer Ltd. of Vancouver, the writer was 
permitted rs make use of the local geological information on the main 
ore zone of Ee Howard's Pass district. 

Regional geological mapping in the related areas within the south- 
eastern Yukon Territory has been carried out in recent years by the 
G.S.C. and selectively by various mining exploration companies. The 
writer attempts, in Chapter II, to piece together available information 
in a reinterpretation of no regional geological setting. 

Local geology immediate to the deposits under study is presented 
in Chapter III together with other information on ore mineralogy, ore 
grade, nature of mineralization, and textural features. This Chapter 
constitutes the basis for interpreting geochemical data and setting up 


working models. 
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Chemical analyses and petrogenetic interpretations are made for 
certain Lower Paleozoic volcanic rocks and some eclogite rocks and 
minerals in Chapter IV. 

In Chapter V, chemical compositions of ore and gangue minerals and 
bulk ores are presented and interpretations on the metamorphic or ore- 
forming conditions under which these minerals or ores formed are sug- 
gested. 

Fluid inclusions in quartz, barite, calcite and sphalerite were 
studied in Chapter VI to obtain important Ronee Seas data on in- 
clusion fluids as a first approximation to the ore solutions sensu 
stricto. 

In Chapter VII, isotope study was conducted on ore and gangue min- 
erals. Stable isotope data of sulfur and/or oxygen are presented to 
define isotopic variations and characteristics within each deposit, 
and adequate interpretations on the chemistry of ore solutions were 
derived. Lead isotope compositions were determined for sulfides and 
sulfates from the ore deposits to characterize the ore lead patterns 
and to estimate mineralization ages; pertinent anomalous lead mixing 
model was discussed and a compilation of new lead data on major strati- 
form deposits in the world was presented to show that generation of ore 
leads was largely a heterogeneous process in crustal environment. 

Chapter VIII provides estimates on the initial concentrations of 
major elements in ore solutions responsible for the formation of ore 
deposits in the Anvil Range and Frances Lake districts. 

In Chapter IX, the writer compares the derived information on the 
ore-forming conditions in the three groups of ore deposits and discusses 
the significance and the general implication on cther similar types of 


Ore deposition occurring in a continental margin environment. 
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Methods and techniques of the research experiments, computational 
procedures (programs) for constructing certain diagrams, fossil iden- 
tifications, and various background information pertinent to the thesis, 


are given in the Appendices. 


C. PREVIOUS WORK. 
1. Regional Work 

Regional geological mapping (scale 1 inch = 4 miles) in selected 
areas (Fig. I-1) in or adjacent to the three districts was initiated in 
1960 by geologists of the G.S.C. Green et al. (1960b) mapped in the 
Finlayson Lake map~area; Roddick and Green (196la, b) in the Sheldon 
Lake and Tay River map-areas; Green and Roddick (1961) and Blusson (1967) 
in the Nahanni map-area; Blusson (1966) in the Frances Lake map-area; 
Blusson (1968) and Gabrielse et al. (1965) in the Cantung district and 
Flat River map-areas; Tempelman-Kluit (1968, 1972) in the Anvil Range 
district; and Gabrielse and Blusson (1969) in the Coal River map-area 
(for location of map-areas, see Fig. II-2). 

Review of regional geological settings within or pertinent to the 
southeastern Yukon including the three districts was also made by the 
geologists of the G.S.C. Bostock (1948) reviewed the physiography of 
Canadian Cordillera north of 55° parallel; Gabrielse and Wheeler (1961) 
discussed the tectonic framework of southern Yukon and northwestern B.C.; 
Gabrielse (1967b) discussed tectonic evolution of the northern Canadian 
Cordillera in a general manner; Roddick (1964) and Tempelman-Kluit (1972) 
put forward their suggestions on the movement ofthe Tintina Trench; 
Roddick et al. (1967) reviewed the age and nature of the Canadian part 


of the Circum-Pacific orogenic belt, again in a general manner; Gabrielse 
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and Wheeler (1970) touched on the geology of the northern Canadian Cor- 
dillera in a general review of the Western Canadian Orogeny; Monger et 
al. (1972) put forward a plate-tectonic model for the evolution of the 
Canadian Cordillera in which the region of interest was included. 
Mineral exploration activities in the region by various mining com- 
panies and individuals can be dated back as early as the 19th century. 
It is beyond the scope of this section to review all activities and min- 
eral occurrences in the southeastern Yukon; however, those pertinent to 
the immediate districts will be reviewed in the next section on local 
geology. Consecutive and follow-up coverage of important activities and 
mineral occurrences is incorporated in a series of publications under 
the title "Mineral Industry of Yukon Territory and District of Mackenzie" 
followed by the year of review. The following authors made significant 
contributions to the accounts of mining activities: Green and Godwin 
(1963, 1964); Skinner (1962); Findlay (1967). In 1972, the G.S.C. pub- 
lished an open file map (scale 11 mm = 10 miles) on geology and mineral 
occurrences (both active and inactive) of Yukon and part of southwestern 


District of Mackenzie, N.W.T. 


2. Local Work 

Local geological studies in the Anvil Range district were made by 
Roddick and Green (1961b) and Tempelman-Kluit (1968, 1972) and the imme- 
diate geological setting to one producing Anvil Mine (Faro deposit) was 
reviewed by Gondi (1972). Detailed investigation of structural geology 
in the immediate vicinity of Faro deposit is currently being undertaken 
by the geologists of the eyprus Anvil Mining Corp. Geological mapping 
in the vicinity of two other potential ore deposits (Vangorda and Swim 


Lakes) was made by geologists of Kerr Addison Mines Ltd.. 
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Reconnaissance mapping in the Frances Lake map-area was carried out 
by Blusson (1966) on a scale of 1 inch = 4 miles. Detailed geological 
mapping (scale 1 inch = 1500 feet) in the immediate vicinity of the 
Frances Lake deposit was made by Thalenhorst (1971), Kuo and Thalenhorst 
(1972) for a joint project by Canadian Nickel Co. Ltd.-Metallgesellschaft 
Gavadestact Berry Mines Ltd. 

Geological mapping in the Neuen! map-area was conducted by Green 
and Roddick (1961) and Blusson (1967). Since the discovery and staking 
of the Howard's Pass ore deposit in the West erMaNauadnt mMap-area, geol- 
ogists working for various mining companies have carried out more de- 
tailed geological mapping in the immediate areas. Those known to the 
writer include: Canex Placer Ltd. (House in 1973, Morganti in 1973-75), 
Vestor Exploration Ltd. (Kuo in 1973, Badham in 1973), Noranda Explora- 
tion Co. Ltd. (McAndless in 1973), and Dynasty Explorations Ltd. (Adam- 
son in 1974). 

Research work conducted on the ore deposits in the Anvil Range dis- 
trict includes: 

(a) Correlation of grain size of sulfides and metamorphic grade of 
host rocks in Faro, Vangorda, and Swim Lakes (Tempelman-Kluit, 1970); 

(b) Lead isotope study of galena from Faro, Vangorda, and Swim 
Lakes deposits (LeCouteur, 1973); 

(c) Sulfur isotope study and iron content analyses in sphalerite 
in Faro deposit (Campbell and Ethier, 1974). 

Geological mapping and mineral exploration in areas related to 
Frances Lake district include: 

(a) Fortin Lake (in northeastern Finlayson Lake map-area, 45 miles 
NW of Frances Lake district); unpublished report and maps (1967), by 


Dynasty Explorations Ltd. 
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(b) McEvoy Lake (in northeastern Finlayson Lake map-area, 37 miles 
WNW of Frances Lake district); unpublished report and map (Kuo, 1973) of 
Vestor Explorations Ltd. 

(c) Quartz Lake (in westernmost Coal River map-area, 40 miles NE of 
Watson Lake); unpublished geological and drill hole information (1968), 


by American Smelting and Refining Co. Ltd., Vancouver. 
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Chapter II 
REGIONAL GEOLOGY 
In this chapter, a comprehensive review and interpretation of the 
geological history of Lower and Middle Paleozoic in the related areas is 
given. Igneous activity, metamorphism and structural styles imposing on 
the Lower and Middle Paleozoic sequence are discussed. Due to the exten- 
sive areas under review, only type sections or those known to the writer 


are presented for correlation. 


A. GENERAL SETTING OF LATE PROTEROZOIC ROCKS 

The region in which the three districts are situated belongs to the 
Selwyn Fold Belt (or Selwyn Basin in physiographic nomenclature) of the 
eastern Canadian Cordillera (Fig. II-1). The region is usually included 
in the northern extension of the Omineca Crystalline Belt. The region 
is truncated by a major tectonic lineament, the Tintina Trench or fault 
zone, to the southwest, and is flanked by Mackenzie Fold Belt to the 
north, northeast, and east. 

The stratigraphic succession of Late Proterozoic rocks underlying 
the Lower and Middle Paleozoic sequence in the region is highly summa- 
rized in Table II-1, mainly after Gabrielse (1967b) and Gabrielse et al. 
C1973). 

The Helikian rocks are a thick sequence of apparently conformable 
clastic and carbonate strata best exposed in northern Rocky Mountains 
(Bell, 1968) and in a great arc through Mackenzie, Wernecke, and Ogilvie 
Mountains (Green and Roddick, 1962; Gabrielse et al., 1965; Gabrielse, 


1967b; Gabrielse et al., 1973). These rocks are correlative with the 


SO lp . ; rY coped! 


Pa: 5 7° HOSTS TENTS A Ht ben Seiya Iie i Hs oes 
ah ede BAS od SEF RE toon! LE 2 pide he tea ae 
7 ory Mie rotate — 


rine : { 
isd teed. Bt Sod > \bebanse rd erin pps * spoglie 


oe 
s 
- = 
<4 + 
od Barat Ts a Thee een ar ia 
Seana POS WTS Semi | ; LOS SGV VO 
or! P ’ 
7 ROIS 
/ : 
: r 
z , tr 42 
are a! pee en Sra /epaet Be tage A | ate © 
nts bAS DB? AS Lad Fy Fe ; ¥ ; 
me ae a tenes Se ee ee - ee e. +4 - ~~ 
; ae CE Ss ones ee hee 
BE Ee en See pat. ee ee . thy Ane it de Puede Wak OLS ken: 
afl) oF Sone Oe wos oos Le otk S/o R30 a) ann =a? ee 
' - CI EAP 
* o i i 
Oe ee) ae oe vy i oneal a = 
ee VS ts Be ASM 72% EST RO Py ee ATE AdEBA neater 
+ - ~ i i % 
> é bya a f i. ae 
iH a 4 wi ee eke i¥ ' f~ iT fa a 
+ . F a 
- az * 
* * = boos 7 ys Be = 
py ig : 4 f ey Se." hos 
ae le |} eS ee i! Bhs Bo vt oa Sit "2a 
+ 
‘ . ah 
ate ® tn s 
FLEES is 6 NAS 2 2 ShMLcBs 3 [soi iia ssf] h i | yey 
- 2. = at 
iy x ~~ * 
* Pa ~ “ >> 
73 OF J2bsl bln LR hy £2 op) ipa eit =F bays 
‘ 
:" ad . 
is 4 
F Pin 
~ - 7 > ae 
Bid 4 Fabs rues, 2 fOvenegors. «Jed Ad py mlegony 
i - - 4 7 


24 rrr ch C ade , es en, ao ee . 
oobi 2 Veen BE Or asy alt n E Sahsises 
me aa 2: es ome = = 


ne * tae Eh mel a; fh eee to es Ps BASE Ps. ' 7 a 
25 (FS SASL SCGS es CG \aed } 5a ls Spt SILT Vee eee 
oi 
m =. d pa - 


al 


et iemuins as edew 46 assiina 
cab riene’ VHSON MFonaten «nf Sssce¢rs 


eiviteG bes sisacast Ys keemateet |y/- 


pSRATLBOGH PERE! vole Be pets? Sen, i298 ah 
07 Hiiw oviszal sixon' Ade etic seauyt {t J e 4 \ghte 
7 Be ; ava ne bea oy: saciid (eset o: ey ie 
7. ee Ae AD 


10 


MAIN TECTONIC ELEMENTS 
OF NORTHERN CORDILLERA 
LEGENO : 
Cretaceous — Paleocene 
BONNET PLUME BASIN 
Mesozoic : 
YUKON PLATFORM, COAST GEANTICLINE, CASSIAR 
GEANTICLINE , WHITEHORSE TROUGH, ATLEN HORST ,COLVILLE 
TROUGH, KEELE IXOUGH, PEEL CARCAJOU TROUGH,ST. ELIAS 
3 TROUGH a 
| 2 Carboniferous = Permian 
’ aA ‘ 2. 
GEANTICLINE < | Late Devonian ond Mesozoic 
seep. #5 | ° i | BROOKS RANGE GEANTICLINE 
x Ss s Middie Devonian _ 
FRANKLIN MOUNTAINS PLATFORM 
Lower Palaeozoic and Mesozoic 
POSCUPINE BASIN | 
Cambrian - Middle Devonian 
RICHARDSON TROUGH, ROOT BASIN 
Proterozoic - Mesozoic 
DAVE 


HOIY 


LORD CREEK ARCH , AKLAVIK ARCH 
Proterozoic - Middle Devonian ; 
ILVIE ARCH, REDSTONE ARCH - 
MACDONALD PLATFORM,PELLY-CASSIAR OLATFORM, 
SELWYN BASIN 
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Scale tn miles 
$0 


Main tectonic elements of northern Canadian Cordillera 


Fig. LI-1l. 
(after Gabrielse, 1967b). 
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TABLE II-1 


Stratigraphic Succession of Late Proterozoic Rocks Underlying 
Lower-Middle Paleozoic Sequence of the Selwyn Fold Belt 


THICKNESS 
ERA PERIOD FORMAT ION LITHOLOGY (feet) 
| Phyllites, slates, silt- 
P stones, quartzites, cal- 
(Hae -.w| carenite, feldspathic 
eA Bae une pebble conglomerates, 3000 
gritty feldspathic sand- 
0 stone, minor limestone 
T Upper Rapitan-shales and 
3 sandstone interbeds 
Hadrynian Middle Rapitan-poorly 
sorted conglomerate 
Rapitan mudstones 
0 5 ,000+ 
Group Lower Rapitan-chert- 
2 | hematite iron formation, 
volcanoclastics, poorly 
0 sorted conglomerate, 
conglomerate mudstones 
I 
Sandy dolomites, strom- 
C atolitic limestones, 
Helikian siltstones, quartzites, ~v 15,006 


minor conglomerates, 
anhydrite and gypsum 
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Purcell System and Beit Series of southeastern B.C., southwestern Alberta 
and adjoining Montana. Price (1964) considered that the predominantly 
shallow water, fine-grained clastic and carbonate sediments of the Pur- 
cell sequence were deposited on and near the floodplain of a large sub- 
siding delta along the western margin of the craton. A similar origin 
can also be suggested for the Helikian rocks now exposed on the mountains 
flanking the Selwyn Fold Belt. 

An angular unconformity exists at the base of the Rapitan Group and 
indicates that Rapitan sedimentation followed a period of uplift, tilting, 
folding, and erosion. This period is generally referred to as the Racklan 
Orogeny which brought to a close the distinctive miogeosynclinal sedimen- 
tation in the eastern part of the northern Canadian Cordillera. 

The Rapitan Group represents various disrupted cycles of sedimenta- 
tion, volcanism, tectonism and erosion. Gabrielse et al. (1973) consid- 
ered that the generally fine grain of Lower Rapitan strata, graded bed- 
ding cf the coarser sediments (conglomerate), a lack of evidence for 
significant current action suggest deep-water deposition. Conglomerate 
material was introduced into this environment possibly by mudfiows or 
turbidity currents; volcanoclastics in the Lower Rapitan sediments may 
have been bares eon erosion of older volcanic rocks or from explosive 
volcanism; following uplift and tilting, deposition of widespread, thick, 
poorly sorted and bedded conglomeratic mudstones of the Middle Rapitan 
took place. These conglomeratic mudstones contain partly faceted and 
striated boulders (termed diamictite by Stewart, 1972) whose origin is 
debatable. Ziegler (1959) and Stewart (1972) consider them to be of 


glacial origin. Grabielse (1967b) and Gabrielse et al. (1973) favored 
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_the idea that they were derived from uplifted regions, subsequently 
rounded in streams or along beaches, and carried into the deposition 
site by periodic mudflows or flash floods and subaqueous slumping and 
turbid flows. Diamictite has been found extensively in the Hadrynian 
sequence in western North America and is used as a marker for strati- 
graphic correlation. Upper Rapitan time witnessed a return to normal 
sedimentation. 

THe: Grit niet is correlative with the Windermere, Kaza, Miette 
strata of the southern Canadian Cordillera. The base of the unit has 
not been observed and no definite break with Lower Cambrian strata has 
been recognized. The coarse sediments of the Grit unit and the Upper 
Rapitan contain significant amounts of potash feldspar (orthoclase) and 
point to a source area of granitic and metamorphic rocks on the Canadian 
Shield. Doubt remains as to whether the source was mainly the craton to 
the east or a crystalline area to the west that was uplifted following 
the Racklan (and East Kootenay) orogeny. Age of the Grit unit and its 
correlation with the Rapitan Group are not established conclusively at 
present, but certain common features (both are thick, clastic units, 
partly poorly sorted; both contain significant amount of potash feld- 
spar; both units occupy similar stratigraphic positions relative to the 
Lower Cambrian strata) might indicate that they are correlative with 
the "Windermere" sequence and could have had a westerly source. 

Much of the lower part of the Windermere sequence is believed to 
represent deposition in relatively deep water with periodic introduction 
of coarse-grained material by turbidity currents. The fairly widespread 


carbonates in the upper part, on the other hand, reflect a shallow-water 
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environment. The site of maximum depositional thickness of Windermere 
rocks was generally to the west of that for the Purcell (Fig. II-2), 
suggesting that these sedimentary rocks were building out the western 


margin of the continent. 


B. REGIONAL CORRELATION OF PALEOZOIC SEQUENCE 


The Paleozoic sequence in the three districts is described in more 
detail in Chapter III. Generalized facies distribution, stratigraphic 
correlation and regional cross section of the Paleozoic are presented 
for the three districts (coincide with the Tay River, the Frances Lake, 
and the Nahanni aperese of the G.S.C.) and related areas (the Sheldon 


Lake, the Finlayson Lake and the Flat River map-areas) (Fig. II-3). 


1. General Facies Distribution 

The details on facies distribution of strata from Lower Cambrian to 
Middle Devonian are treated in Appendix II-l. 

A generalized facies distribution map of Late Proterozoic to Middle 
Devonian for the Selwyn Fold Belt and related areas is summarized in Fig. 


II-10. = 


eae Regional Stratigraphic Correlation 


Stratigraphic correlation of the Paleozoic sequence in various areas 
in the Selwyn Fold Belt itself is tedious and hazardous, if not impossible, 
mainly because mapping in several map-areas was of a reconnaissance nature 
and also because of relatively poor exposures. More detailed and accurate 


mapping was achieved in the Anvil Range district (Tempelman-Kluit, 1968, 
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Fig. II-3. Map areas of southeastern Yukon and southwestern District of Mackenzie. 
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LEGEND FOR FIG. II-10 


‘ Ordovician-Silurian-Devonian 


t=) Shale 
VA Dolomite 


Cambrian 


Sandstone, shale, conglomerate, dolomite 


Hadrynian 


fe arel Dolomite, shale 
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fice 11-10, 


Facies distribution of Proterozoic to Devonian rocks in 
Selwyn Basin and related areas (after Blusson, 1973, 
personal communication). 
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_1972) and the Cantung Mine district (Blusson, 1968). Based on the strati- 
graphic information of the Paleozoic sequence in the Flat River and Glacier 
Lake map-areas (Gabrielse et al., 1973; Blusson, 1968), the Nahanni map- 
area (Green and Roddick, 1960; Blusson, 1967) and the Howard's Pass dis- 
trict in particular, the Frances Lake map-area (Blusson, 1966; Frances 
Lake eieict in Bay ei cnlaee Kuo and Thalenhorst, 1972), the Sheldon Lake 
map-area (Roddick and Green, 1961), the northeastern Finlayson Lake map- 
area (Green et al., 1960b; and Fortin Lake and McEvoy Lake district in 
particular), and the Tay River map-area (Roddick and Green, 1961; Anvil 
Range district in particular, Tempelman-Kluit, 1968, 1972; Gondi, 1972), 
the writer has compiled in this section a new stratigraphic section of 

the Lower~Middle Paleozoic sequence for the above-mentioned map-areas 

and particular districts. Original sediment types were reinterpreted for 
some metasediment units. These stratigraphic sections are shown in Table 
II-2; those for Anvil Range, Frances Lake, and Howard's Pass districts 

are presented in Table III-l, Table III-2 and Table III-3, respectively, 
in Chapter III. 

Careful comparison of the Paleozoic strata was made for two regional 
traverses, from east to west-north-west, namely,. a southern traverse from 
Flat River map-area > Frances Lake map-area > northeastern Finlayson Lake 
mMap-area, and a northern traverse from Hewanad map-area (northeast to 
southwest from Broken Skull River > South Nahanni River > Summit Lake 
region) > Sheldon Lake (central and south) map-area ~ Anvil Range dis- 
trict. These two traverses represent a regional cross section from the 
eastern flank of the southern Selwyn Fold Belt to its western part, and 
include the three districts under study. The result of the comparison 


is summarized in the stratigraphic correlation charts shown in Fig. II- 
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Lower-Middle Paleozoic Stratigraphic Sections of Selected Areas in the 
Selwyn Fold Belt and Adjacent Regions 


Flat River map-area 


PERIOD FORMAT ION LITHOLOGY 


Silurian 


Upper Ordovician 


Road River 


Rabbitkettle 


Middle-Lower 
Ordovician 


Upper Cambrian 


Lower Cambrian 


Backbone Ranges 


Lower Cambrian . 


"Phyllite unit 
and 


Hadrynian 


“Grit unit” 


Dark grey, calcar- 
eous, graptolitic 
shale 


Thin-bedded, grey- 
grey cherty-silty 

dolomite containing 
black chert 


Black, pyritic grap- 
tolitic, calcareous 
shale 

PTF SN NRO” 
Grey, thin-bedded, 
shaly limestones and 
caleareous shale and 
slate 


Dolomitic, shaly 
limestone 


Wavy banded silty 
limestone 


Fine-grained, silty- 
Golomitic limestone 


ane BIN wr 
Brown to black, 
partly pyritic, ‘cal- 
careous siltstone, 
slate and shale; 
locally minor thin- 
bedded limestone | 


Sandstone, siltstone 
minor quartz pebble 
conglomerate 


Sandy to silty 
dolomite 


Sandstone, minor 


siltstone and sandy 
dolomite 


Phyllite, slate, 
fine-grained quartz- 
ite, dark siltstone 


Black-grey slate, 
shale, quartzite, 
quartz pebble con- 
glomerate, sandstone 
siltstone, minor 
limestone, phyllite 


THICKNESS 


SPECIAL FEATURES (feet) 


max. 


2,200 


In South Central 
Flat River area 
graded bedding 


4,000+ 


1,500 


22,000 


2,000 


5,000 


tar. $4 


4 


4 4- 


‘ 
ee 


a agree 


Febabi baa 


bi hate Hi 


it i ' Perit i 

; tao Satay 

I. cg e* gna Prins, 
items, tevvig | essed is 1 


met a ies Wis oh hzit -, 4 
iA: . 


RMT: AC ei x a 
wast Hiss Tea A 
xo oy iy sees aoe ec 


t 
he Bae ai Pade 


aN 
TABLE II-2 (cont'd) 


Cantung District 


THICKNESS 
PERIOD FORMATION LITHOLOGY SPECIAL FEATURES (feet) 


Dark fine-grained 
shaly siltstone with 


Middle-Upper chert intercalations 
Ordovician Road River 4,000 


Black, graptolitic, 
partly calcareous 
slate, shale 

ower OT a 
Black silty lime- 
stone, calcareous 


Upper Cambrian Rabbitkettle ouare 4,000 


Wavy banded, platy 

| limestone, siltstone 
nw nO iA tO 
Massive dolomite 


Thin-bedded to flaggy 
and/or dolomite, sandy 2,000 
; dolomite, silty 
BEE EG limestone and dolo- 
mitic sandstone 


Avalanche 


Orange weathering 
silty dolomite 


Massive dolomite 


Sekwi Sandy dolomite, 
dolomitic sandstone 


Lower dolomite, 
silty and dolomitic 
Lower Cambrian limestone 


Brown shale and 
silty shale 


Calcareous shale, 
slate, minor lime- 22,500 
stone 


Light grey coarse 
dolomite 


"Ore limestone" 

(fine-grained lime- > 800 
stone and coarse- 

grained marble) 


Interbedded dolo- 
mitic siltstone and 
impure limestone 


Grey-greenish slate, Quartzite showing 
phyllite, siltstone, | cross-lamination, 
fine-grained quartz- ripple-marks and 
ite slump features 


9000.2 


"Phyllite unit" 
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TABLE II-2 (cont'd) 


Nahanni _map-area 
(SW) (NE) 


THICKNESS 


PERIOD FORMATION LITHOLOGY (feet) 


SPECIAL FEATURES 


Limestone, partly bioclastic 
and dolomitic 


Crinoid, algal 
and coral forms 2,000 
in limestone 


Nahanni 


Lower-Middle 
Devonian 


Dolomite, limestone, minor 


Headles 
rare calcareous shale, chert and 3,000 
red hematite laminations 
Black Black flaggy 
graptolitic silty lime- 
pepper lois Road River shale stone inter- 1.000 
STietan (Whittaker) bedded black : 
chert, minor 
black dolomite 
Thick bedded Thin bedded Oolitic and 
' dolomite impure lime- | pisolitic dolomite 
stone beds near lower 
Middle Ordovician oe eee er Coens part 
and Minor sandy 2600-5000 
Silurian Sunblood dolomite, bio- 
clastic lime- 
stone and quartz- 
ite near base 
Wavy banded limestone, dolomitia 
sandstone, minor silty dolomite, 
OO aaa Rabhithettie locally sandy dolomite and 
Paver Ordovician quartzite near base 
Red sandstone, sandy 
dolomite and quartzite Recuped 500 
— —_——_ maser OMe 
Limestone 
i 2 
Begs cy amex san Thin bedded silty dolomite, : 
siltstone 
Mudcracks, 
Silty dolo- ripple marks, 
mite, lamin- cross-bedding, 
ated siltstong abrupt facies 
tuffaceous change 
siltstone 
Quartzite, 
Middle & Lower 
Bennet an dolomitic sand 700 
stone 
Interbedded 
manent dolomite and 
siltstone 
Silty limes 
stone and 
interbedded 
siltstone 
Varicolored Interbedded 
Lower Cambrian slate and siltstone, 
and phyllite quartzite and 4,000 
Hadrynian slate 
Massive dolomite 
Grey slate, shale and phyllite 
minor dark grey impure 6,000 
Lower Cambrian Aiken tone 
and 
Grey gritty feldspathic sand- 
Hedxynten stone, quartz-feldspar pebble 3.000 
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conglomerate, interbedded 
sandstone and siltstone 
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PERIOD 


Upper Devonian 
and 


Mississippian 


Silurian 
and 


Devonian 


Lower Ordovician 
and 


Silurian 


Upper & Middle 
Cambrian 


Lower Cambrian 
and 


Hadrynian 


TABLE II-2 (cont'd) 


Sheldon Lake map-area 


SPECIAL FEATURES 


FORMATION LITHOLOGY 


Black slate, shale, 
sandstone, minor 
chert pebble con- 
glomerate, greywacke, 
phyllite 


Sandy limestone, 
dolomite, dolomitic 
siltstone and quartz- 
ite ; 

DN NS i, NO 
Black and varicolored 
chert, with inter- 
bedded black shale 


Road River 


Graptolitic shale, 
minor platy limestone, 
quartzite and chert 
pebble conglomerate 
S\N Nr tN 
ABSENT 
IN a Nee GN Nose NN 
Light grey quartzite, 
minor chert, banded 
hornfels, skarn 


Massive, coarse 
crystalline lime- 

stone, locally lam- 
inated ‘chert 


Interbedded limy shale 
and silty limestone 


Shale, slate, phyllite, 
minor greenstone ande- 
site 


Gritty,. quartz pebble 
quartzite, with inter- 
bedded shale and slate; 
locally impure quartz- 
ite 
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THICKNESS 
(feet) 


7,000 


~~ 


10,000 ? 


2000-3000 
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TABLE II-2 (cont'd) 


Frances Lake map-area 
W) (E) 


THICKNESS 
PERIOD FORMATION ; LITHOLOGY SPECIAL FEATURES (feet) 


Limestone and minor dolomite 


Devonian 
Andesite greenstone, serpen- 
d sh we 
mi Anvil Range asic serpentinized 
Mississippian Group P 


Black shale, chert, gritty 
quartzite, greywacke and 


chert pebble conglomerate 
CN Ne Nie ES 


Silurian Dolomite and quartzite, minor 
and dolomitic quartzite, sandy 
Devonian to silty dolomite 
Middle Ordovician Black shale, slate, minor Absent in most 
: and Road River chert, siltstone, and dark | areas except along 1000-2000 
Silurian limestone NE corner (Fiat 
SO RE aN River 


Silty shale, Intercalated 
laminated wavy banded 
z siltstone, silty lime- 
ppm cae slate, sand- stone, silt- 
stone, minor stone 
hornfels 
es: = : zi 


Black, partly Silty and 
pyritic, cal=- sandy dolo- 
careous shale, 
slate and phyl- 
lite, minor 


silty limestone 
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TABLE II-2 (cont'd) 


Northeastern Finlayson Lake map-area 


FORMATION 


Anvil Range 
Group 


LITHOLOGY 


Massive limestone 


Foliated greenstone 
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minor serpentinite 


Black chert, shale, 
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SPECIAL FEATURES 
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LEGENDS FOR FIG. II-11 


Conformity 
Unconformity 
Disconformity 
Correlation 


Facies change 
or 
break of strata 


Direction of thinning of strata 


Absent or not exposed 
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_lla,b. Some uncertainties exist in correlating facies change, thickness 
and temporal relationship of a few strata. However, the general agree- 
ment in lateral correlation among Summit Lake, Flat River, Frances Lake 
and northeastern Finlayson Lake, and among Frances Lake, northeastern 
Finlayson Lake and Anvil Range is good. Depositional environment de- 
duced Econ lithofacies for at least Lower-Middle Cambrian and Middle 
Cambrian-Lower Ordovician time is that: 

(a) shallow-water, probably shelf to near shore, in the eastern 
flank of the Selwyn Fold Belt (northeastern Nanenad map-area and the 
eastern Flat River map-area) characterized by red beds, oolitic carbon- 
ates, and shallow-water quartzite and sandstone. 

(b) deep-water, probably off-slope and basinal, in the area start- 
ing from west and southwestern part of the Nahanni map-area (also of the 
Cantung district), most of the Frances Lake map-area, to the northeastern 
part of the Finlayson Lake map-area characterized by fine-grained black 
graphitic, pyritic shale and chert. 

(c) in the area from northeastern Finlayson Lake map-area to Anvil 
Range district, water depth was probably shallower than or similar to 
the central part, but deeper than the shelf and near shore environment; 
submarine volcanism and associated clastic sedimentation were more pro- 
nounced here than to the east. 

Coupled with regional interpretation for the Selwyn Fold Belt sug- 
gested by Douglas and Gabrielse (1970) and Blusson (personal communica- 
tion, 1973) (see Fig. II-12a,b), it is thought that most of the Lower 
and Middle Paleozoic sequence in the Selwyn Fold Belt was deposited in 
an eugeosyncline separated from a miogeosyncline further to the east by 


a miogeanticline. A more detailed reinterpretation and discussion on 
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LEGENDS FOR FIG. II-12 


re eae | Conglomerate Carbonate breccia 
Sandstone Anhydrite 
[aaa | Siltstone =a Chert 
[==] Shale | (Pie Seamer tye 
Dolomite Volcanic rose 
Limestone Unconformity 
Lithological Distribution for Fig. II-12b 
Selwyn Basin - shale (aranrotitiel calcareous near shelf), siltstone, 


chert, minor volcanic rocks 


Transition zone between Selwyn Basin & Redstone Arch - sandstone, thick 
carbonates (in part reefoid) 


Redstone Arch - Lagoonal laminites, dolomites, limestone, evaporites 
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Fig. II-12. Diagrammatic restored sections of Proterozoic-Paleozoic rocks in the 
northern Canadian Cordillera. (a: after Douglas and Gabrielse, 1970; 
b: after Blusson, 1973, personal communication). 
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the nature and possible evolution of this eugeosyncline during most of 


the Paleozoic time will be made following the next section. 


3% Igneous Activity, Metamorphism and Tectonism 


Interested readers are referred to Appendix II-2 for details on 
the occurrences of Paleozoic volcanic and plutonic rocks, regional 
metamorphism and structural style of the Selwyn Fold Belt and related 


ereas. 


C. REINTERPRETATION OF REGIONAL GEOLOGY 
A x of the geological history of the southeastern 
Selwyn Fold Belt during Paleozoic period is presented below; periods 
immediately preceding and after Paleozoic are also discussed and cor- 


related in the overall geological history. 


l. Late Proterozoic to Cambrian 

During this period, the western continental margin of the region | 
(encompassing the eastern part of Selwyn Fold Belt, Redstone Arch, Mac- 
kenzie Mountains and Franklin Mountains) was broadly similar to the 
present-day Atlantic type continental margin geosyncline (Table II-3); 
a prograding sediment wedge was forming oceanward (westward) from the 
continent. Miogeosyncline sedimentation on the shelf side built up 
mainly shallow-water carbonate and a westwardly transgressive sand 
(orthoquartzite) suite represented by the carbonate clastic and arenite 
sequence of this period; simultaneously on the continental rise and 
abyssal plain beyond the continental slope, mainly lutite and minor 
turbidite sedimentation occurred above deeply buried (subsided escarp- 


ment ?) basin or trough containing a thick sequence of Late Proterozoic 
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to Lower Cambrian, coarser clastics and minor volcanics (see Fig. II- 
12a,b). An impure carbonate clastic and orthoquartzite "tongue" formed 
at the inner (eastern) side of the slope-rise region. This carbonate- 
orthoquartzite sequence has a complex relationship with the lutite and 
minor turbidite sequence - as interfingers or intercalations but re- 
gionally underlying the latter. The base of the western part of the 
subsided basin and overlying sequence probably was shallower than that 
of the central part and represented a transition to an "outer ridge" 
broadly analogous to an oceanic rise or an "eugeosynclinal ridge" of 
Aubouin. Locally subsided basins (at the base of the Windermere se- 
quence) on the shelf-slope region (as shown in Fig. II-12b) contain 
coarse-grained clastics (partly red clastics) displaying cross bedding, 
ripple marks, sometimes mudcracks and minor intraformational slumping 
features; locally they contain minor occurrence of volcanic flows or 
sills, oolitic and/or stromatolitic carbonates, and salt clasts 
(Gabrielse et al., 1973). Examples are: Upper Helikian strata, Middle 
to Upper Rapitan Group, and Upper Hadrynian to Lower Cambrian strata. 
The “outer ridge" was probably a region of thick accumulation of fine- 
grained clastics and turbidites and subordinate volcanics. Anvil Range 
district, westernmost Frances Lake map-area and northeastern Finlayson 
Lake map-area probably coincided with this "outer ridge". 

Generally speaking, volcanic flows and/or sills appear to be pro- 
gressively younger from east to west. In the eastern part (southern 
Mackenzie Mountains and Sekwi Mountains, including Nahanni and Flat 
River map-areas), volcanics appear mainly in the Late Hadrynian to 
Lower Cambrian strata; in the central and western part (Sheldon Lake 


map-area, Frances Lake map-area, northeastern Finlayson Lake map-area, 
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_and Anvil Range district), volcanics are mainly in the Middle to Upper 
Cambrian strata and more abundant. 

An initial continental separation (Hadrynian ?) is proposed here 
to account for the following features observed in the Hadrynian-Cambrian 
rocks. 

(i) Subsided escarpments or basins and thick sediment accumula- 
tion - they were probably formed as a result of block-faulting and 
graben development and could not have been produced by sedimentation on 
the continental rise (Dewey and Bird, 1971). 

(ii) Coarse red clastics, volcanics and salt deposits are common - 
these deposits are characteristic of subsided grabens in the Atlantic 
type continental margin; e.g., Bay of Fundy, Connecticut; the Newark 
Graben; Gulf of Mexico (Ewing and Antoine, 1966; Ewing et al., 1962); 
and ae Senegal Salt Basin of African Continental margin (Ayme, 1965). 

(iii) Basic volcanic flows and sills appear to occur in progres- 
sively younger strata oceanward - the strata considered here represent 
a time span of close to 200 m.v.; many of the volcanic rocks appear to 
form in the subsided basin below which a continental-oceanic crustal 
transition zone (fracture-set zone) exists (Talwani and Eldholm, 1973; 
Dewey and Bird, 1971). Some volcanics probably generated as dike swarm 
through fracture zones in continental crust (R.A. Burwash, personal 
communication, 1975) and. extruded/intruded into strata above crystalline 
basement. The observed younger strata probably represent a younger 
subsidence-graben event. 

(iv) The general north-south trend of the Late Proterozoic (mainly 
Windermere) and Lower Cambrian (together with younger strata) sequence 


from Alaska down to northern Mexico has been convincingly demonstrated 
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by Stewart (1972) as cutting across the grain of several sedimentary 
troughs in underlying rocks (Belt series and equivalent rocks), indi- 
cating that tectonic setting changed before this sequence was deposited. 
A continental separation cutting across trends of underlying sedimentary 
rocks seems a likely mechanism for the initial development of our Atlan- 


tic type geosyncline. 


2. Cambrian to Middle Devonian 

The early part of this period probably witnessed an interrupted or 
terminated continental separation due to factors described by Osmaston 
(1971). Atlantic type geosyncline continued to develop along the con- 
tinental margin. Major subsidence of the "buried marginal escarpments" 
or basins probably occurred during this period as thick sediments with 
Giver volcanics accumulated. The early deformation observed in the 
thick sediments in Selwyn Mountains and Watson Lake map-area and Frances 
Lake map-area probably occurred during this period. 

Development of Lower-Middle Paleozoic island arc has been reported 
in southeastern Alaska (Monger et al., 1972). Its significance and in- 
fluence on the southern Yukon (such as possible det ain atone of margin 
basin) cannot be resolved at present. However, it is the general con- 
sensus (Monger et al., 1972; Gabrielse and Wheeler, 1972) that the At- 
lantic type geosyncline continued to prevail and no significant change 
in sedimentary-tectonic pattern occurred at least till the end of this 
period. 

This period also witnessed the following events: 

(i) Progressively westward building of miogeosynclinal terrace 
wedge; i.e., shelf front was migrating oceanward by the end of this 


period. 
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(ii) A constant polarity of sediment facies tdaveacine a single 
(east) cratonic source. 

(iii) Continuing occurrence of basic volcanic flows and sills of 
oceanic tholeiite compositions (see Chapter IV) in strata in the outer 
edge of the terrace wedge, i.e., in and around abyssal plain - "outer 
ridge'' sediments above the deeply subsided basins. Occurrences of vol- 
canic. rocks in Cambro-Ordovician strata in western Frances Lake and 
northeastern Finlayson Lake map-areas and Anvil Range district are good 
examples. 

(iv) Occurrence of stratabound orebodies in Lower Paleozoic strata 


across the entire outer part of the terrace wedge. 


as Upper Devonian to Mississippian 


Allochthonous ultramafic intrusions and associated basic volcanic 
rocks of this age occur in the Pelly and Cassiar Platforms southwest of 
Tintina Trench (see Fig. II-16). Clastic sediments (conglomerates, 
sandstones, and siltstones) lying north and northeast of these platforms 
are considered to have been shed from the basic-ultramafic complex. No 
calc-alkalic volcanic rocks are found in this complex and it probably 
represents a fossil upthrust oceanic crust onto the western edge of a 
continental margin geosyncline (Monger et al., 1972; Gabrielse and 
Wheeler, 1972). The only requirement for this overthrust (obduction) 
to occur is the consumption of marginal basin and subsequent collision 
of either an island arc or an upthrust ridge with the continental mar- 
gin (Dewey and Bird, 1970). Lack of associated arc volcanics with this 
Complex suggests that a collision of upthrust ridge of marginal basin 


Oceanic crust onto the continental margin geosyncline was a more likely 
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Mainly carbonate and shale. 

Sandstone and local conglomerate 

Mixed siltstone, shale, limestone, volcanics 
Basalt, pierre ultramafics 

Deformation and/or metamorphism 

Probable thrust faults 


Direction of sedimentary transport 


Fig. II-16. 
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Upper Devonian to early Mississippian sedimentation 
and tectonism in the northern Canadian Cordillera. 
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mechanism. This situation occurred following a subduction zone init- 
ially developed near the continental margin (dipping away (?) from con- 
tinent as suggested by Dewey and Bird, 1971) so that relatively unde- 
formed oceanic erust wedges with some basic volcanics were obducted. 

There is some field evidence in favor of this mechanism: 

(1) Tectonic deformation of sediments in central Finlayson Lake 
and Frances Lake map-areas during Ellesmerian Orogeny could possibly 
have resulted from adjustment of upper portion of continental margin 
geosyncline sediment pile to the continuing adetinedst of the oceanic 
crust. 

(ii) No calc-alkalic volcanics are associated with the complex — 
thus making the island arc-continental margin geosyncline collision very 
unlikely during this period. 

(iii) Structures of the Cassiar Thrust and Fold Belt are character- 
ized by northeasterly-directed, locally folded thrusts that bring Lower 
Paleozoic rocks onto Upper Paleozoic clastics (Gabrielse and Wheeler, 
1961). | 

(iv) Coarse clastic sediments lying at the eastern side of the 
complex are the result of erosion and shedding from the complex, indi- 


cating a westerly source. 


4, Mississippian to Triassic 


Occurrence of ultramafic and basic volcanic rocks grossly resembling 
ophiolite suite in the Anvil Range and possibly northeastern Finlayson 
Lake and western Frances Lake map-areas again suggests a similar situa- 
tion. There is a discrepancy in estimates of ages for the rocks in this 


area. Tempelman-Kluit (1972) suggested a Pennsylvanian-Permian age LOL 
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the basic volcanics and Lower Triassic for the serpentinized peridotite 
(and presumably associated pyroxenite and gabbro ?). To the southeast 
and to the southwest of Tintina Trench, an older age (Devonian to Missis- 
sippian) was suggested (see section 3) (Gabrielse, 1963, 1967b; Monger 
et al., 1972), although a Permian age has been suggested for the panes 
mafic-basic complex of Atlin Horst in northern B.C. and southernmost 
Yukon (Aitken, 1959). 

Gabrielse and Wheeler (1972) considered that two "mix volcanic 
zones" with occurrence of ultramafics were separated from a belt of 
"basalt" with ultramafics in the southern and southwestern Yukon during 
this period. They suggested that the eastern "mix volcanic zone" with 
ultramafics was an island arc with similarities to the western one (see 
Fig. II-17), and the central basalt + ultramafic belt an oceanic crust. 
It is very difficult, however, to picture a geological setting in which 
a previously obducted (Devonian to Mississippian) oceanic crust could 
have preserved in a double arc and interarc basin environment in roughly 
the same geographic location. Besides, except for the western "mix vol- 
canic zone" which probably was an island arc, no conclusive evidence in 
favor of a typical island arc with preserved ophiolite suite can be given 
for the eastern "mix volcanic zone". 

At least in the Anvil Range district, available petrographic and 
Chemical data suggest that the Upper Paleozoic basic volcanics have an 
affinity with oceanic tholeiite, and no calc-alkalic trend could be de- 
tected. It is only fair to point out that some tholeiitic basalts, de- 
veloped in an incipient or immature island arc, were found to closely 
resemble oceanic tholeiites in chemical characteristics. Furthermore, 


arc tholeiites may have been mixed with the pre-existing oceanic tho- 
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Fig. II-17. 
and tectonism in the Canadian Cordillera. 
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Mississippian to Middle Triassic sedimentation 
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leiites on the deep ocean floor, thus making it more difficult to iden- 
tify the two different types of tholeiites (Miyashiro, 1974). Ultra- 
mafic rocks in the Anvil Range district include serpentinized peridotite 
with minor pyroxenite and gabbro; the basic volcanics are mainly pillow 
flows with associated radiolarian chert and pyroclastics. The whole 
complex grossly resembles an ophiolite suite typical of oceanic ridge 
region. Most of the peridotite belts are either fault-bounded or very 
steeply dipping, and outcrops of pyroxenite and gabbro are generally poor 
and lack sheeted or layered structure. Therefore it is not possible to 
relate the complex to a typical allochthonous sheet-like ophiolite suite 
at present. For an ultramafic complex containing no rocks of calc- 
alkalic series, demonstration of its island arc origin is even more dif- 
eicult. 

However , based on the occurrence of eclogite and blue-amphibole rock 
(blueschist ?) in the Anvil Range district, a Middle Triassic deformation 
in some sediments, and the close resemblance of the complex to an ophio- 
lite suite, it is suggested here that this complex formed by a tectonic 
process essentially similar to that of the Devono-Mississippian complexes 
to the southwest. The overthrust (obduction) probably extended till at 
least the end of Paleozoic when younger (Pennsylvanian-Permian) basic 
volcanics and ultramafics were formed. If the complex is similar in age 
to other complexes southwest of Tintina Trench, then the overthrust would 
have been ‘ continuous and persistent process. 

Accumulation of coarse clastics derived from the complex and sur- 
rounding terrane (i.e., flysch type deposit) in the Anvil Range district 
completed the tectonic cycle of uplift and erosion for this period. 

The unstable crustal configuration in the continental margin in 


Early Triassic times probably facilitated an isostatic readjustment with 
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_the following consequences: 

(i) Buoyancy or uplift of a thick sedimentary pile in the northeast 
and corresponding subsidence of oceanic crust and trench deposits to the 
southwest. 

(ii) Deep seated normal block-faulting occurred in a fracture zone 
developed along the transition zone of the unstable crustal contact; 
transcurrent movement of Tintina fault system reactivated subsequently 


in the same zone in Cretaceous. 
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Chapter III 


ORE DEPOSITS AND THEIR IMMEDIATE SETTINGS 


A. INTRODUCTION 

In this Chapter, the writer summarizes all the available information 
resulting from field and laboratory work on local geology, ore deposits, 
host rocks and ore and gangue minerals. The ore deposits under study are 
described in terms of districts for convenience and consistency. 

Various rock units in local districts are described mainly in meso- 
scopic scale (outcrops and hand specimens); due to the extensive nature 
of the present study, petrographic description will be presently only for 
immediate host rock units, and whenever available, other rock units not 


hosting ore deposits. 


B. ANVIL RANGE DISTRICT 

1. Location and Access 

Anvil Range district, in south-central Yukon, contains several im- 
portant massive sulfide orebodies one of which is a large producing mine 
(Faro deposit). The district is about 35 miles Be Se of Ross River 
and 125 miles northeast of Whitehorse, and located approximately at 
longitude 132°30' to 134°00' west and latitude 62°00' to 62°40' north. 
It is bounded by Tintina Trench on the south and west, Tay River on the 
north, and Ross River on the southwest (Fig. III-1). 

The district is accessible from Watson Lake or Carmacks by road; 
the mining town Faro is connected both by road and by air. Faro open 


pit, situated about 9 miles due north of the town, can be reached by 
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Location map of the Anvil Range district, Yukon Territory, 
with locations of major ore deposits. (1) Faro; (2) Grun; 
(3) Vangorda; (4)° Swim Lakes. 
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_road. Other important orebodies, situated about 5 to 10 miles northeast 


or east of the town, are connected by road. 


2% Physiography 


The district belongs to the Yukon Plateau Taya toavenhie province 
ee tock. 1948) and is characterized by moderate relief and open valleys. 
Anvil Range, composed of several northwest-trending, dissected smooth 
rounded ridges, occupies awe major part of the district and controls the 
topography and drainage system. The highest ee is Mount Mye, 6,763 
feet above sea level. | 

Valleys of dissected hee are drained by mainly northeast to east 
flowing creeks with branching tributaries from topographic highs. Nu- 
merous rock-basin ponds generally formed near the headwaters. These 
creeks combined into northwest to southwest flowing main creeks south 
of the Anvil Range, and into east to northeast flowing main creeks north 
of the Anvil. Range. The latter flow into Tay River which joins Pelly 
River northwest of the district; the southern creeks enter the Pelly 
River at their mouths. Pelly River, which flows in a broad valley de- 
lineated by Tintina Trench fault zone, is host to many sandbars. 

Most of the district was probably covered by ice during the last 
glacial advance; some of the highest peaks may have escaped glaciation 


during this stage (Tempelman-Kluit, 1972). 


a. Fieldwork and Exploration History 


The earliest work in the district dated back to G.M. Dawson, who 


in 1887 descended Pelly River to its mouth. His topographic map and 
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geological notes described the district briefly. In 1935, J.R. Johnston 
produced the first geological map. 

Systematic and modern mapping of the Tay River and adjacent map- 
areas was begun in 1958 by J.A. Roddick of the G.S.C., and completed in 
1960 by Roddick and L.H. Green as part of the G.S.C.'s "Operation Pelly". 
D.J. Tempelman-Kluit (1968, 1970, 1972) conducted detailed geological 
mapping (scale: 1 inch = 2 miles) of the Anvil Range district and a 
study of the three orebodies (Faro, Vangorda, and Swim Lakes). 

The district has been prospected intermittently since 1843, when 
Pelly River was "discovered" by R. Campbell of the Hudson's Bay Company. 
The Vangorda deposit was discovered and staked in 1953 by A. Kulan and 
associates of Ross River, and was optioned by Prospectonis Airways who 
carried out an extensive driiling and exploration program between 1953 
and 1956. Kerr Addison Mines Ltd., the current owner of the property, 
staked the Swim Lakes deposits in 1963, following an airborne magnetom-— 
eter survey. The mineralized zone was discovered by drilling in 1965 
and 1966. Dynasty Explorations Ltd. began a prospecting program in the 
district in 1965 using a combination of geophysical and geochemical 
prospecting techniques. The Faro deposit was drilled in 1965 and 1966 
by Anvil Mining Corporation Ltd. (Dynasty Explorations was amalgamated 
with Cyprus Anvil Mining Corporation Ltd. in 1975), and the combined 
company is now the current owner of the deposit and related claims. 
Production from the deposit started in late 1969. Intensive exploration 
of the district by companies and individuals followed Dynasty's dis- 
covery and died down by 1968. In 1973-1974, AEX Minerals Corporation 


Ltd., headed by A.E. Aho (renamed Canadian Natural Resources Ltd. in 
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1975), on a farm out from Kerr Addison Mines Ltd., succeeded in finding 
a highly potential deposit (Grum) near Doal Lake, less than 2 miles 
northwest of the Vangorda deposit. Extensive drilling and underground 
exploration is still underway and a production plan has not yet been 


disclosed. 


4. General Geology 


The general geology of the district and three deposits has been 
excellently reported by Tempelman-Kluit (1972). The following account 
constitutes a brief summary from his observations. Only minor addition 
and/or ammendment will be fede weapactally on the immediate geological 
setting of the Faro deposit, new information on AEX (Doal Lake or Grum) 
deposit, and some observations by the writer on local areas north of 
Mount Mye and northeast of Swim Lakes. 

A general geological map of the Anvil Range district showing major 
rock units and eereeed structures is presented in Fig. III-2 (modified 
after Tempelman-Kluit, 1972). Due to general scarcity of outcrops, 
correlation of some geological boundaries is uncertain. 

Table III-1 summarizes the major rock units in the district. For 
correlation of Paleozoic stratigraphy with adjacent areas, see Chapter 
gee 

Cretaceous intrusives, largely granodiorite and quartz monzonite 
in composition, underlie most of the Anvil Range and form the Anvil 
Batholith. Flanking the Batholith in the valleys and low-lying areas, 
a sequence of Proterozoic and Paleozoic strata is exposed. The Proter- 


ozoic and Lower Paleozoic (Cambrian to Mississippian) rocks are largely 
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LEGENDS FOR FIG. III-2 


‘Quartz feldspar porphyry, rhyolite ignimbrite, olivine 


basalt, minor sandstone, shale and conglomerate 
Saussuritized hornblende diorite porphyry 

Pyroxenite, gabbro, hornblende diorite 

Biotite quartz monzonite, muscovite biotite granodiorite 


Cobble and pebble conglomerate, minor sandstone, slate 
and silty limestone 


Serpentinite and serpentinized ig 


Basalt flows and Dy Rost Aeunes: vari Goleman radiolarian 
chert and tuff 


Recrystallized limestone 


Grey slate, chert, greywacke, chert-pebble conglomerate 
and limestone 


Fetid crinoidal limestone and dolomite (too small to 
map) 


Orthoquartzite 

Black graptolitic slate, minor black chert 

Chlorite muscovite quartz phyllite, locally graphitic 
and calcareous, staurolite-garnet-biotite-muscovite 
schist, foliated greenstone amphibolite 
Biotite-garnet-diopside-quartz skarn, staurolite-garnet- 


biotite-muscovite-schist, foliated amphibolite, minor 
crystalline marble 


Muscovite-quartz schist, micaceous quartzite, graphitic 
quartzite, all containing quartz and feldspar clasts 
and pebbles. 


Eclogite occurrences 
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PERIOD 


Tertiary 


Cretaceous or 
- Tertiary 
Age Unknown 


Middle Cretaceous 


Middle & Upper 
Triassic 


Upper Permian and 
Lower Triassic 


Pennsylvanian to 
Permian 


Upper Devonian 
and 
Mississippian 


Middle Devonian 


Silurian and 
Devonian 


Middle Ordovician 


Middle & Upper : 
Cambrian 


Lower & Middle 
Cambrian 


Hadrynian 


oy 


TABLE ILI-1 


Stratigraphic Section of the Anvil Range District, Yukon 


FORMATION . 


South Fork 
Volcanics 


Anvil Batholith 


Anvil Range 
Group 


Grit Unit 


THICKNESS 
(feet) 


LITHOLOGY 
Sandstone, shale and conglomerate 
Olivine basalt 
Rhyolite ignimbrite 2? 


Quartz feldspar porphyry 
(relations unknown) 


Saussuritized hornblende diorite porphyry 
Pyroxenite, gabbro, hornblende diorite 
Porphyritic biotite quartz monzonite 


Muscovite biotite granodiorite (intrusive 


contact) 


Cobble and pebble conglomerate, minor 
siltstone, slate and limestone near top 
("Flysch" sediment) 


2,000 


Serpentinite, serpentinized peridotite 
(fault bounded or intrusive contact) 


Massive recrystallized limestone, locally ~ 300 


minor tuff 


Basalt amygdaloidal flows, pyroclastics 
and pillowed lavas 


Varicolored massive to laminated "radio- 


larian" chert and siliceous tuff 2,000 


Graphitic chert and siltstone, minor inter- 
bedded limestone, greywacke and pebble 
conglomerate 


10,000 


~ 100 
100 


Fetid limestone and dolomite 


Massive orthoquartzite, minor graphite 


Black graptolitic slate and shale, 


> 
locally black chert ee na0 


Grey mica phyllite, containing layers 
of andesite greenstone, chert, tuf- 
fite and minor limestone 


3,000 


Grey chlorite-mica quartz, phyllite, 
locally calcareous and graphitic, 
staurolite garnet mica schist 


1,000 


Biotite muscovite schist, quartz 
diopside skarn, minor crystalline 
marble and amphibolite 

(base not seen) 


Muscovite quartz schist, mica 

quartzite, minor graphite, quartzite, 

locally containing quartz and feld- 4 
spar pebbles and clasts. Occurrence : 
of eclogite and blue amphibole rocks 

(base not seen) 
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metasediments with minor metavolcanics, whereas the Pennsylvanian-Triassic 
rocks are largely unmetamorphosed volcanics and ultramafic intrusives and 
minor clastics. A total of 25,000 feet is estimated as the average thick- 
ness for rocks from Cambrian to Triassic. A thick sequence of Middle 
Triassic coarse clastics (flysch type) lies to the southwest of the Upper 
Paleozoic volcanic and ultramafic rocks, just north of Pelly River. 
Cretaceous basic intrusive and Tertiary volcanic and minor clastics occur 
locally and their thicknesses are unknown. 

Field and petrographic (wherever available) descriptions of each 
rock unit from Hadrynian to Tertiary in the Anvil Range district are 


summarized in Appendix III-1. 


3. Structural Geology 

The internal structural styles of rock units in the Anvil Range 
district are mainly the cumulative results of two deformations, one in 
the Lower Paleozoic associated with regional metamorphism, the other in 
Early to Middle Cretaceous associated with the doming of Anvil Batho- 
lith. This structural cumulation is truncated in the southwestern part 
of the district by the Vangorda fault, which together with a number of 
Other NW-trending faults defines a zone of major faulting - the Tintina 
fault zone or Tintina Trench. 

Details on the internal structural styles of rock units, doming of 


Anvil Batholith, and major faults are given in Appendix III-3. 


6. Ore Deposits 


There are currently four major known ore deposits in the Anvil 


Range district, namely, the Faro, Doal Lake (Grum), Vangorda, and Swim 
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Lakes deposits (Fig. III-2). The Faro deposit is a large open pit mine 
with an average daily production of 6,600 tons of lead-zinc ore. The 
other three deposits are still under planning and development. 

(a) Faro Deposit. The deposit is located northwest of Mount Mye 
and east of Ross Mountain. It consists of three orebodies, namely 
Faro No. 1, Faro No. 2 and Faro No. 3, with a total original reserve 
of 63.5 million tons and an average grade of 3.4% Pb, 5.7% Zn, 0.16% Cu 
and 1.196 oz/ton Ag. The No. 1 brebedy Goversaa.width of 1,100 feet, 
and extends for a length (along major axis) of 2,400 feet where it is 
met by a NE-trending fault; No. 3 orebody continues southeasterly for 
another 2,300 feet; No. 2 orebody is located 500 feet southeast of Faro 
No. 3 and lies along the same trend covering a width of 1,000 feet and 
a length of 1,200 feet as now known (Fig. III-3). The present study 
focuses on the No. 1 and No. 3 orebodies which together constitute the 
Faro Main Zone or orebody. 

(i) Immediate Mine Geology. The Faro Main orebody, as understood 
from drill hole logging and open-pit exposure, has a NW-trending major 
axis of about 4,800 feet, a width of 1,200 feet, and an average thick- 
ness of about 120 feet. The thickest section of lie orebody is about 
300 feet in the central part, thinning gradually towards the margins 
along major and minor axes. An isopach map, a longitudinal (major axis) 
section and four latitudinal (minor axis) cross sections of the Faro 
Main orebody are shown in Fig. III-3 and Fig. III-4a,b, respectively 
(Tempelman-Kluit, TO 725. A ae different longitudinal section has 
been presented by Gondi (1972), but the general outline of the orebody 
remains the same. Generally speaking, the orebody is a regular and 


continuous, SW-dipping (18°-25°) to flat-lying tabular lens, about 600 
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Isopachs (interval 50 feet)... . | . ——100—~ 
Px NEE he :. GRU ERD 6 Renee NNN 
See Figure 26 for section E - E' and Figure 27 
forsectionsA-A’'.B-8',C-C' andD-D’. 


Feet 


Metres 


GSC 


Fig. III-3. Isopach map of the Faro deposit (after Tempelman-Kluit, 1972). 
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A Massive and banded pyritic sulphide ore F Graphite-rich schist and phyllite 

B Disseminated suiphide minerals in grey quartzite gangue G Tuftaceous looking schist or phyllite 

C Pyrrhotite-rich ore H Biotite-quartz monzonite and kaolinized equivalents 
D Buff and white phyliite and schist. minor sulphides J Porphyritic hornblende-diorite 

E Biotitemuscovite schist to muscovite-phyllite L Overburden GSC 


Fig. III-4b. Cross sections of the Faro deposit (after Tempelman-Kluit, 1972). 
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feet below surface at the central part and about 200 feet at the NW and 
SE margins. 

At the northwestern margin the orebody abuts and terminates against 
acid granitic rocks and was strongly disturbed. It interfingers with 
the intrusive and bends upwards and occasionally forms small pods in 
the intrusive. A geological map of the open-pit area in the vicinity of 
intrusive is shown in Fig. III-5 to exhibit the extreme complexity of 
the contact zone. Away from the intrusive contact, especially in the 
central and southeastern parts, the orebody is Be ieved to be much less 
disturbed and distorted, the thickness more uniform and the relationship 
to host rocks more Hee iene 

The host rocks of the orebody, as indicated in Fig. III-4, include 
a series of metasediments belonging to the lower member of the Cambro- 
Ordovician strata described before. An apparent stratigraphy from top 
to base is as follows: 

(a) Chlorite-graphite-bearing quartz sericite phyllite, generally 
with tuffaceous components. 

(b) Quartz-chlorite-biotite-muscovite phyllite or schist. 

(c) Graphitic phyllite or schist. 

(d) Buff sericite schist. 

(e) Grey quartzite with disseminated sulfides. 

(£) Massive sulfides and their thermal metamorphic equivalent. 

j (g) Buff sericite schist. 

(h) Quartz-chlorite mica schist el phyllite. 

At its northwestern contact with the orebody, the intrusive con- 
tains an alteration zone composed of rocks made up of altered biotite, 
quartz, and a very fine-grained mixture of clay minerais pseudomorphous 


after feldspar. Biotite is altered to a mixture of siderite and seri- 
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LEGENDS FOR FIG. III-5 
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Fig. III-5. Geological map of the Faro No. 1 open-pit (modified after 
Jennings, personal communication, 1974). 
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cite. A zone of breccia about 300 feet thick occurs above the orebody 
at its southeastern part (Faro No. 3); the breccia contains angular 
fragments of schistose rocks of highly variable size (several feet to 
1/10 inch) randomly scattered in a very fine-grained matrix of chlorite, 
and no mineralization was seen in the fragments or the matrix. The brec- 
cia zone grades laterally and vertically into undisturbed phyllite and 
schist. A number of flat-lying intrusive sills or dikes of quartz- 
monzonite, quartz-diorite, and hornblende diorite porphyry occur in the 
breccia zone as well as in the schistose rocks. | 

The structural styles in the host rocks of the orebody are essen- 
tially the same as those in the previously described Lower Paleozoic 
' rocks. A well-developed foliation Fy outlined by closely-spaced zones 
of muscovite is seen in most of the schistose rocks. Small rootless 
folds developed between F, planes and defined a preferred orientation 
Fie The banded texture or layering commonly sisete ee in massive sul- 
fide ores coincide with Fy foliation in the host rocks. This banding or 
layering generally dips SW at gentle to moderate angles in much of the 


orebody, as does F, in the host rocks (Tempelman-Kluit, 1972). Small- 


Z 
scale folds or lamination corresponding to Fy> are only occasionally 
observed in the orebody or ore specimen. Generally speaking, the ore- 
body plunges gently SE at 12-20°, and is conformable with the F, folia- 
tion of enclosing schistose rocks that trend WNW (284°-295°) and dip SW 
at variable angles, and with the fold axis of NW-trending isoclinal 
folds. Another set of secondary folds trends EW with a gentle plunge 
of 5-10°W, and, superimposed on Fy foliation, produce gentle warping of 
the orebody in conformity with secondary foliation (see Fig. III-4). 


The position of the orebody seems to be mainly controlled by Fy folia- 


tion and associated isoclinal folding. 
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(ii) Ore and Gangue Minerals. The orebody consists of 50% by 
volume of massive to disseminated sulfide minerals of which pyrite con- 
stitutes a quarter or more. The remaining major ore minerals, in order 
of decreasing abundance, include sphalerite, pyrrhotite, galena, chal- 
copyrite and Marcasite. Magnetite, arsenopyrite, bournonite, tetra- 
hedrite (Tempelman-Kluit, 1972) and covellite (Gondi, 1972) are present 
as minor or trace constituents, although only magnetite and arsenopyrite 
have been observed in one of the specimens used in this study. Gangue 
minerals commonly observed are, in order of decreasing abundance, quartz, 
barite, ferromaganese carbonates (siderite, manganosiderite), minor cal- 
cite and dolomite, sea trace amounts of sericite and chlorite. Undeter- 
mined phosphate minerals have been observed. 

Ore Minerals 

Pyrite forms large- to medium-grained, euhedral to subhedral crys- 
tals and displays a variety of crystal form as subrounded, cubic, por- 
phyroblastic, fragmented or brecciated, partly corroded, and crypto- 
clastic aggregates. Pyrrhotite is abundant in the northwestern part of 
the orebody (Faro No. 1) and near intrusive contact in which it forms 
granular aggregates interfoliated with other aul aides and gangue; the 
zonal distribution of pyrrhotite in Faro No. 1 orebody has been outlined 
by Campbell and Ethier (1974). It is generally very rare or absent in 
the central and southeastern part of the main orebody (Faro No. 3), in 
which it forms either as very tiny exsolution blebs in sphalerite or 
as rimming and/or filling streaks around and in other sulfide and gangue 


minerals. 
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Sphalerite is commonly associated with pyrite and galena and forms 
massive polycrystalline aggregates or foliations. Wherever it occurs 
with galena, they are mutually intergrown or "interstitially" fill the 
matrix. 

chalcopyrite occurs as exsolution blebs in sphalerite, veins or 
rims in pyrite and quartz, and veins (with galena) in host rocks near 
the lower contact of the orebody; exsolution of chalcopyrite in sphal- 
erite ranges from small oriented spherules to larger angular grains and 
streaks. 

Marcasite generally forms "alteration rim" or pseudomorphs after 
pyrite and pyrrhotite, commonly occurring as aggregates or fine mottled 
blondish grains or large clear yellowish white crystals. 

Magnetite is very rare in most of ie drill core ore specimens 
from the central and southeastern part of the orebody, and only one 
occurrence has been observed; it is pinkish to creamy grey and occurs 
closely with siderite. Magnetite is essentially restricted to the 
northwestern contact with the intrusive (Gondi, 1972). 

Gangue Minerals 

Of all the gangue minerals observed in ore specimens, quartz is 
by far the most common, and occurs in different proportions and shapes 
commonly as subhedral to anhedral grains intergrown or interlocked in 
sulfides (mainly pyrite) and sometimes barite, and occasionally as 
veins or fracture-fills in other primary sulfides. Under the micro- 
scope quartz shows uniform extinction. 

Barite is the next abundant gangue mineral, predominantly occurring 


in the central and southeastern part (Faro No. 3) of the orebody. No 
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barite has been reported from the zone near the intrusive contact. 
Generally, barite occurs as intergrown nearly white grains with the 
sulfides, and very rarely as remobilized veinlets (with quartz) cutting 
the sulfides-barite-quartz matrix. It is especially common in banded 
and sandy ores (see below).’ Under microscope barite is medium brownish 
grey, smooth to mottled-surface, subhedral and equigranular, and gen- 
erally show pearly white to brown internal reflection; it commonly forms 
intergrowths with sphalerite, galena and quartz in the "interstitials" 
of pyrite, and less common with pyrite. 

Widespread occurrence of carbonate minerals of a wide range of 
solid solution has been detected in this study. However, carbonate 
occurrence appears to be more pronounced near the northwestern part of 
the orebody (Campbell and Ethier, 1974) as compared to the sporadic 
occurrence in the central to southeastern part. The carbonate minerals 
are mainly siderite, but contain a wide range of solid solutions of Mn, 
Ca, Mg (in the order of decreasing abundance) and inclusions of sphal- 
erite, pyrite, quartz and possibly ilmenite (?). They generally occur 
intimately with pyrite and sphalerite. Under the microscope, the car- 
bonates are mottled medium to dark purplish grey, subhedral to anhedral 
patches and streaks, commonly showing reddish to pearly brown internal 
reflection and occasionally twinning lamellae. Coexistence of carbonates 
and barite in the same ore specimen is rare, and only two such specimens 
from the northwestern part (DDH 66-2) of the orebody are known. 

A few occurrences of sericite and possibly chlorite in or adjacent 
to quartz, siderite and pyrite are observed in two ore specimens from 


the southeastern part of the orebody (DDH 66E9 436 and DDH 67-10 632 
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The latter specimen contains a few rare phosphate minerals occurring 
together with mica minerals. These have been identified to belong to 
the plumbogummite group, probably a combined occurrence of plumbogummite 
and deltaite. Under the microscope, they are medium to dark grey, gen- 
erally isotropic, oval to subrounded and frequently veined and surrounded 
by sulfides and quartz. 

Photomicrographs of ore and gangue minerals in some ore specimens 
are shown in Plate III-4. 

(iii) Ore Texture. The mesoscopic and microscopic textures in ore 
specimens display typical deformed and metamorphic features; only very 
rarely are some poorly preserved primary features observed. Typical 
textures of the ore are described below. 

(a) Massive and porphyroblastic ore (Plate III-5): this texture 
is characterized by medium- to large-grained (0.5 to 3 mm) porphyro- 
blasts of massive, densely packed sulfides with small amounts of gangue 
minerals. Internal small-scale structures such as foliation and band- 
ing are generally lacking or indistinctive. Under the microscope, the 
ore is composed of porphyroblastic, euhedral to anhedral, partly: frag- 
mented pyrite and "interstitial" aggregates of eect sphalerite, 
galena, quartz and/or minor barite. Sometimes chalcopyrite is seen 
associated with sphalerite or formed veins in or cemented around pyrite. 
Patches of siderite are seen partly replacing pyrite. Minor marcasite 
occurs as small patches rimming or partially pseudomorphous after py- 
rite. 

(b) Foliated (or wasaee and porphyroblastic ore (Plate III-5): 


the texture is commonly observed in the ore and is characterized by 
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faintly to distinctly foliated aggregates or bands of sulfides outlined 
by segregation of porphyroblastic pyrite, sphalerite, galena, quartz 
and/or barite; the banding is emphasized locally by streaking and form 
orientation of some of these minerals. In the central and southeastern 
part of the orebody, the foliation or banding of sulfides and gangue is 
Deveudhily not pronounced but rather the ore is massive-looking, and 
barite often forms equigranular aggregates with the sulfides. At the 
northwestern margin near the intrusive contact, banding or layering is 
sometimes very pronounced and closely-spaced quartz-siderite layers 
separate the sulfide aggregates enriched in pyrrhotite and occasionally, 
magnetite. The foliation or banding appears to coincide with Fy folia- 
tion in the enclosing host rocks. 

(c) Fragmented (or brecciated) and clastic ore (Plate III-6): some 
ore specimens display a very complex texture of random intermixing of 
sulfides and gangues in various proportions and grain size. Typical 
features observed are as follows: 

1. Densely crystallized pyrite fragments set in a disseminated to 
Massive quartz and sulfide matrix; sometimes the pyrite fragments form 
a separate aggregate which is bordered or bounded by quartz-sulfide 
matrix. 

2. Deformed massive to disseminated sulfides contain randomly dis- 
tributed clasts or breccias of gangue minerals, most commonly quartz, 
and sometimes quartz, carbonate and mica (host rocks 2). The sulfides 
are commonly veined by the same gangue minerals. This feature is com- 
mon near the base of the orebody. 


3. Clasts or veins of sulfides or sulfide-bearing quartz veins 


P 
ir \ + 
ayod 


zy 
td 
cn 
= 


. J 2BuUp 


[mobhaes nisyao> esbiitve boteoimses th od ‘avkeens banrodod § 


4 
— we) ~~ 
j *) <3 


snkov' siteup sqg3es0-sbhitve: 36 sabi Leis Yo ankov idebinicias 


risua nebrtiue, to ebnsdyao0 $3 sasiges betattod sé 


‘ntasexie yd ¥ilsoot bssk bosAqae! pt ees 


apgosnah sh Stlavq oct: eal somos — tc tga sbt Lua bas st 


eb}ileersizsup yd bebausd co botobsod ok donde BpegosREe ieee 


sxuaes? 2alat een Sarg oma ody yd Sontev 


tmosath Bt tae cianmabi? sabiyq beshiiedayges: 
~ { 


-engiss ,satrefsiga. . sari siteshd 


nrow. at 
MYSTessisuor bus Lexdasn edt nl “elsteaka seord || To omoe.' 
15 gab Piive 10 sprbasd so rubseltot ong eee 9 
saitool—-oviveann =k 970, sn) Tenss 1 aud: besavanotg 3 
a Sh Fat - -? > “Siw 2aiausieas say pili oes) aarp? | 
j 70. a5 5G sf105 <5 LRG ni Y 
3 1Te-S 1 ifge-yigeols Bir 
iilgnotes y i bensrazas sa2nge 
fa 3 + sieaqas onroped > 
> ahs 
C (Ae TIT sigfs) sto ere Chsjsi s=otd acl 
istfetevat mbbren to sitiizead.caiquer yews sabgutt © ; 
Se ‘ i 
fsoiay .sske tiers hap ambdizoces9 suyttéy a seem 
b -gwihfiok qe ae bevy 
Oo? boven ta 


\ 


: bron) lata .clervenin osgnsg io cotsoout ancnasil 


ait 4? 21903-3201!) potm Sms sdedodvsd SPITS 


tbe disgnt aita “he asinine 


, m. Vn 1h 


67 


occur in quartz-chlorite-muscovite or quartz-muscovite schists near the 
lower contact of orebody and host rocks; some of these schistose rocks 
are strongly sheared. The sulfides are mainly chalcopyrite and galena 
with minor pyrite and sphalerite. 

(d) "Sandy" ore (Plate III-6): a few ore specimens in the south- 
eastern part of the orebody are quartz or barite-cemented, pyritic 
"sandy" ore, containing interstitial or disseminated sphalerite and 
galena. The ore is loosely packed, massive and lacks bandings or folia- 
tion. Under the microscope, the ore contains subrounded pyrite inter- 
grown with barite, quartz, and “interstitial" sphalerite and galena; 
minor chalcopyrite occurs as cement or vein in and around pyrite. 

(b) Grum Deposit. The deposit is located at the southwestern flank 
of Mount Mye, immediately at the southwestern side of a small lake, Doal 
Lake. It is approximately 5 miles NE of Faro town (Fig. III-2). 

Originally owned by Kerr Addison Mines Ltd., the deposit was lo- 
cated by AEX Minerals Corporation Ltd. of Vancouver (now Canadian Natural 
Resources Co. Ltd.) in 1974 and is currently jointly owned and being 
developed by the two companies. The writer with R.E. Folinsbee had the 
opportunity of collecting drill core specimens and also access to some 
of the drill hole sections (through courtesy of Dr. Stanley Reamsbottom, 
geologist on the property) in June, 1974. 

The deposit contains a discovery zone of about a maximum of 8,000 
feet in length, 1,000 to 1,400 feet in width, and several ore horizons 
at depth (Aho, Northern Miner, Oct. 17, 1974). Tonnage estimate has 
not been disclosed, but is likely to exceed 30 million tons. Published 


ore grades so far indicate an average of 4.19% Pb, 6.81% Zn; 0.25% Cu, 


and 2.09 oz/ton Ag. 
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(i) Immediate Mine Geology. Outcrops in the vicinity of Doal 
Lake are scarce except about one mile to the N, W and SW where Cambro- 
Ordovician greenstone and phyllitic rocks are exposed. Further to the 
N and NE, intrusive rocks of Anvil Batholith are exposed. Some rubble 
of phyllitic rocks do occur on the ground in the vicinity. 

The major rock types observed in the drill cores which represent 
significant ore horizons are mainly quartz-sericite phyllite, quartz 
chlorite phyllite and graphite phyllite. To the SE at the small Champ 
claims and Vangorda deposit, the host rock appears to be biotite musco- 
vite plagioclase phyllite with graphitic phyllite in the upper part, 
and overlain by a ee Re eee pile (Jennings, personal communication, 
1974). A drill hole plan in the area and a cross section are shwon in 
Fig. III-6 and Fig. III-7, respectively. The cross section is constructed 
on the basis of drill hole information provided to the writer by Kerr 
P datson Mines Ltd.. From a preliminary investigation of ore intersections 
in drill holes, the orebody appears to occur as separate layers and dip 
gently to moderately to the SW, and plunge gently NW-NNW along major axis. 
Several fractured and sheared zones were encountered in the drill holes, 
in which sulfide-bearing fault breccias were observed. Some altered 
schistose rocks composed entirely of light blue mariposite and quartz 
with minor carbonate occur near these sheared zones. Two thin layers of 
interbedded massive sulfides’ occur in the upper part and closely associated 
with chloritic and graphitic phyllites. Thicker layers of massive to 
disseminated and partly brecciated ores occur in quartz-sericite phyllite 


in close association with graphite phyllite. 
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The orebody appears to be conformable with the schistosity in the 
enclosing rocks; limited measurements indicate that the schistosity 
which defines F, foliation trends NW and dips SW. 

(ii) Ore and Gangue Minerals (Plate III-7). The opaque minerals 
are, in the order of decreasing abundance, pyrite, sphalerite, galena, 
pyrrhotite, marcasite and chalcopyrite. In some specimens sphalerite 
is about equal in amount to pyrite. Magnetite is a trace constituent. 
Gangue minerals observed so far include quartz, carbonates, barite and 
mica. 

Ore Minerals 

Pyrite is medium- to fine-grained (0.5 mm or less) commonly occurs 
as equigranular aggregates interbanded with spheterice and galena, and 
less commonly as disseminated to brecciated grains in deformed host 
rocks and occasionally as fine-grained aggregates in fragmented ore. 
Under the microscope, the banded pyrite layers show distinct spherulitic 
to subrounded grains intergrown with sphalerite and galena; other types 
display subhedral, cubic to equigranular grains and are partly corroded. 

Sphalerite is invariably fine-grained and intergrown with galena, 
and occurs commonly as interbands with pyrite, and also as disseminated 
to brecciated grains in deformed ores and host rocks. Under the micro- 
scope, sphalerite and galena commonly form "interstitial-fill" or poorly 
developed myrmekitic intergrowths; sometimes galena forms exsolution 
blebs in sphalerite. 

Pyrrhotite and marcasite are mostly altered from or pseudomorphous 
after pyrite, but some pyrrhotite grains also form exsolutions or veins 
in sphalerite. Under the microscope, the two minerals are distinctly 


anisotropic, and pyrrhotite displays distinct twinning lamellae. 
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Chalcopyrite is a minor constituent and occurs mainly as blebs, 
patches and veinlets in sphalerite and galena. 

Only one occurrence of magnetite has been observed in a folded 
disseminated bedded specimen in which abundant siderite and some marca- 
site and pyrrhotite occurred. Under the microscope, it is a creamy grey 
mineral with a pinkish brown tint and occurs adjacent to siderite. 

_Photomicrographs of ore and gangue minerals in some representative 
ore specimens are shown in Plate III-7. 
Gangue Minerals 

Quartz is the dominant gangue mineral and occurs as fine-grained 
aggregates interlocked with the sulfides and also as clasts or veins in 
the deformed ores. 

Carbonates are minor gangue minerals and consist mainly of siderite 
with solid sclutions of Mn, Ca, Mg. Under the microscope, they are 
medium grey, mottled to cloudy, and display twinned lamellae. 

Barite occurs in a few ore specimens, including interbanded or 
"interbedded" and massive "sandy" types. It forms fine-grained crystals 
in the sulfide matrix, and also occurs as remobilized veinlets. 

Very occasionally mica minerals are observed in the ore specimens. 

(iii) Ore Texture. The ores can be classified into two types, 
Massive and disseminated. Massive ores can be subdivided into inter- 
banded, sandy and ficcuetpe eee Disseminated ores are largely seen 
in folded and sheared sulfides. 

(a) Massive interbanded ore (Plate III-8): the ore is composed 
almost entirely of fine-grained sulfides and subordinate amounts of 


quartz and other gangue minerals. It is well-banded or thinly "bedded", 
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generally ranges from 1 mm to 5 mm in thickness, but some pyritic bands 
are up to 1 cm in thickness. From a limited number of coexisting occur- 
rences of schistose rocks and banded ores, it appears that the banding 
in ores is essentially conformable to the foliation in the enclosing 
rocks. However, it is not certain whether this banding represents en- 
Ey rcrcatidtion foliation Fy or inherent compositional layering Fie 

(b) "Sandy" ore: a few ores exhibit a massive, poorly consolidated, 
vaguely banded texture and are characterized by equigranular pyrite, 
sphalerite, galena, quartz and rare barite. Minor chalcopyrite and 
marcasite are seen interspersed in the ores. 


"clas- 


(c) Massive fragmented ore (Plate III-9): It is composed of 
tic" fragments of fine-grained pyrite and quartz set in a matrix of dis- 
seminated fine- to medium-grained sulfides (pyrite, pyrrhotite and minor 
sphalerite), siderite and quartz mixture. The ore is generally massive 
and resembles tuff breccia in texture. 

(d) Deformed and disseminated ore (Plate III-9): there are actu- 
ally two types of ores - one is a folded recrystallized disseminated ore 
containing or in contact with fragments and clasts of rocks and quartz 
veins. Grain size of sulfides is generally larger than those in massive 
ore. The other type is a sparsely disseminated pyritic aggregate con- 
taining minor sphalerite and galena in deformed sericitic and partly 
graphitic phyllite, in attehbguent: and fisiné clasts and streaks (some- 
times defining "window" of fold hinges) are common. 

(c) Vangorda Deposit. The deposit is the oldest discovery (1953) 
in the district and has been inactive for many years; however, the dis~- 


covery of Grum deposit in 1974 has put the Vangorda deposit and the 


Swim Lakes deposit into an entirely new economic light. 
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The deposit is located at Vangorda Creek on the SSW flank of Mount 
Mye about 5 1/2 miles ENE of Faro town. Published figures indicate an 
average grade of 3.18% Pb, 4.96% un, 02272 Cu, 1.7/6 »6z/ton Ag and/0.02 
oz/ton Au with an estimated reserve of 9.4 million tons; 12.6 million 
tons of essentially barren sulfides are reported in addition to the ore 
zone. | 

The deposit is partly exposed in Vangorda Creek. The core shack on 
the property was visited in 1974 and some outcrops downstream from the 
deposit were examined in 1973. Large sections of the cores are missing 
and many cores are shambled. The writer has managed, however, to col- 
lect certain sections of sulfide core specimens for the study. Some 
drili plan and ore intersection figures were kindly provided by Kerr 
Addison Mines Ltd.. 

(i) Immediate Mine Geology. The outline and cross sections of 
the deposit are shown in Fig. III-8 (after Tempelman-Kluit, 1972). The 
deposit is an irregular tabular mass partly enveloped (above and below) 
by a narrow zone of buff white quartz-chlorite sericite phyllite which 
is im turn enclosed in a sequence of phyllitic rocks of Cambro-Ordovician 
age, mainly quartz-chlorite-muscovite-biotite phyllite or schist and in 
part graphitic phyllite. Greenstone volcanic flows and tuffs are exposed 
together with the phyllitic rocks at and near Vangorda Creek. Crenula- 


tion foliation F, is generally well-developed in the enclosing rocks and 


Z 
small folds defining compositional layering Fi occurs between F, folia- 
tion surfaces. 


The major axis of the orebody trends and plunges very gently NW, 


and is about 2,500 feet long; the width is about 500 feet and the average 
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thickness is 70 feet with a maximum thickness of 200 feet. The orebody 
dips very gently to the SW. Therefore the orebody appears to be con- 
formable with the schistosity of the enclosing rocks. 

A "bleached" zone of rocks forming an irregular halo around the 
orebody has been noted by Tempelman-Kluit (1972). The nature and origin 
of this zone is unknown and has not been examined by the writer. 

(ii) Ore and Gangue Minerals. The major ore minerals include py- 
rite, sphalerite, pyrrhotite, galena and chalcopyrite. Magnetite, mar- 
casite and arsenopyrite occur in minor to ee ee Tennantite 
has also been reported among the sulfides (Chisholm, 1957). Gangue 
minerals include quartz, carbonates and barite (Tempelman-Kluit, 1972); 
even though barite has not been observed in the specimens available. 

Ore Minerals 

Pyrite forms fine- to medium-grained (up to 2 mm) subhedral to 
anhedral crystals, occasionally also as porphyroblasts. In the spec- 
imens examined, pyrite often occurs with pyrrhotite, carbonates and 
sphalerite. In fact, pyrrhotite and carbonates are quite widespread 
and abundant in the specimens; this is probably due to sampling bias 
and limitation (good representative lead-zinc-rich cores were not 
available). Pyrrhotite occurs as fine-grained aggregates replacing 
pyrite and possibly sphalerite; under the microscope, in acne on to 
patches adjacent to these sulfides, pyrrhotite forms exsolution streaks 
or veins. 

Sphalerite occurs as fine-grained aggregates interbanded with or 
interstitial to pyritic aggregates, and commonly forms intergrowths 


with galena wherever seen. Galena is a minor constituent in the spec- 
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imens examined. Chalcopyrite occurs commonly with pyrite and sphalerite 
as exsolution blebs, veins and interstitial-fills. 

Magnetite is a fairly common mineral observed in the specimens ex- 
amined, and occurs closely associated with carbonates and pyrrhotite. 
Marcasite occurs as small mottled patches pseudomorphous after pyrite 
and pyrrhotite; it appears to be more common in some deformed banded 
ores. Arsenopyrite is observed as irregular patches or streaks in two 
specimens of deformed banded ores, and appears to have replaced other 
minerals, notably quartz, carbonates, and pyrrhotite. 

Gangue Minerals 

Quartz and carbonates are the only gangue minerals observed in 
the specimens examined. They are both widespread and relatively abun- 
dant, forming fine-grained aggregates as large clasts, veins, intersti- 
tial-fills. Under the microscope, quartz shows uniform extinction, 
whereas carbonates display excellent twin lamellae. A wide range of 
solid solutions have been determined for the carbonates, which are 
largely ferromanganese, with varying amounts of Ca, Mg and minute trace 
inclusions possibly of sphalerite and mica. 

Photomicrographs of ore and gangue minerals in some ore specimens 
are shown in Plate III-10. 

(iii) Ore Texture (Plate III-11). The predominant texture observed 
in the ore specimens examined is a rough but well-defined banding of re- 
crystallized and aggregated pyrite and sphalerite plus carbonates in a 
grey quartz or "quartzite" gangue rich in pyrrhotite and magnetite. 

Some porphyroblastic pyritic bands are also observed. The bands are 


alternately pyrite-quartz and sphalerite-pyrrhotite-carbonates outlined 
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by streaking and form orientation of the sulfides and gangue. The band- 
ing has the same orientation as the Fy foliation in the enclosing rocks; 
a folded compositional layering at angles to the banding and apparently 


corresponding to F, in the host rocks is seen locally (Tempelman-Kluit, 


1 
1972). | 

(d) Swim Lakes Deposit. The deposit is located on the hill edge 
WNW of a Lakes, about 10 miles SE of Faro town. It was discovered in 
1964 and drilled in subsequent years with a cumulative footage of about 
15,000 feet. Published figures indicate the presence of 5 million tons 
of ore containing 3.75% Pb, 4.8% Zn, 1.5 oz/ton Ag and minor. Cu and Au. 
The ore zone has a Aare axis about 1,500 feet long and nearly 50 feet 
wide that trends NW and dips NE at 25°. The average thickness of the 
orebody is about 70 feet with a maximum of 280 feet in one drill inter- 
section. 

The writer has not visited the property or the core shack, and most 
of the core specimens used in the present study were kindly provided by 
various geologists, including Tempelman-Kluit, Jennings, Reamsbottom 
and Cathro. The account of the outline and cross sections of the ore- 
body and some of the mineralogical aspects is from Tempelman-Kluit 
(1972). The area north of Swim Lakes was visited and examined by the 
writer in 1973. Some drill hole plan and intersection assay figures 
were made available to the writer by Kerr Addison Mines Ltd.. 

(i) Tmiedtate Mind eyoee Outcrop is scarce near the deposit 
and the orebody itself is not exposed. Small outcrops of grey phyllite 
of Cambro-Ordovician are found nearby. The outline and cross sections 


of the deposit (Tempelman-Kluit, 1972) are shown in Fig. III-9. The 
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orebody is an irregular, tabular, finger-like zone of sulfides partly 
enveloped by a sequence of buff white quartz-rich sericite phyllite, 
quartz-chlorite-biotite-muscovite phyllite and graphite phyllite. 
Tuffaceous laminae in the phyllitic rocks are generally rare, and green- 
stone volcanic was intersected in only one hole. The tuffaceous rocks 
are dull green rocks containing fine-grained calcite, chlorite and minor 
quartz, albite, and muscovite. 

Crenulation foliation Fy is well defined by muscovite in the phyl- 


litic rocks in which small folds defining F, between F, are also ob- 


1 
served. Most rocks near the deposit and north of Swim Lakes display a 
NW-trending and NE-dipping schistosity presumably corresponding to Fy. 
The trend and dip of the orebody appear to be conformable with this 
schistosity. 

| (ii) Ore and Gangue Minerals. Ore minerals make up about half the 
volume of the orebody and include, in order of decreasing abundance, 
pyrite, sphalerite, galena, pyrrhotite, marcasite and chalcopyrite. 
Magnetite is a minor constituent. Arsenopyrite and tetrahedrite have 
also been noted (Tempelman-Kluit, 1972). Gangue minerals noted are 
quartz, barite, carbonates, and mica. Gypsum occurs as fine prismatic 
crystals and is commonly found along fractures (Tempelman-Kluit, 1972). 

Ore Minerals 

Pyrite is the major sulfide and occurs as fine-grained CORI to F085 
mm) cubic to subhedral crystals. Under the microscope some pyritic 
grains are fragmented and partly corroded. 

Sphalerite and galena are the most abundant ore minerals near the 


central part of the orebody but decrease gradually towards the margin 
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(Tempelman-Kluit, 1972). Under the microscope, the minerals are mutually 
intergrown as equigranular aggregates and interstitial-fills around py- 
rite. In one specimen examined, colloform outline of sphalerite has been 
observed. 

Pyrrhotite is relatively minor and occurs as isolated streaks adja- 
cent to pyrite and sphalerite. Generally it follows foliation in a spec- 
imen. 

Minor chalcopyrite occurs in sphalerite as tiny exsolution blebs or 
replacing pyrite. It has been noted that chalcopyrite tends to be more 
abundant where pyrrhotite is plentiful. Thin, steeply-dipping, regular 
veinlets of chalcopyrite and pyrrhotite cut banded sulfides locally and 
transgress their foliation. Marcastite is rare and secondary after py- 
rite wherever observed. 

Magnetite, where observed, occurs closely with carbonates and pyrite 
and is creamy grey with a pinkish brown tint under the microscope. 

Gangue Minerals 

Quartz is the major gangue mineral and occurs commonly as dissemi- 
nated grains or aggregates with the sulfides and only locally as por- 
phyroblastic clasts. Barite is quite common in ore specimens and occurs 
as fine-grained dissemination, aggregates outlining bands or boudinages, 
and locally clasts or lenses. About 1% in volume of barite has been 
estimated for the Swim Lakes deposit. Under the microscope quartz and 
barite commonly occur as equigranular aggregates intergrown with sul- 
fides in various proportions and occasionally as cementing or intersti- 


tial filling. Remobilized and folded barite bands are locally seen. 
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Carbonate minerals are quite commonly observed in the gangue and 
closely associated with pyrite and magnetite. Solid solutions including 
Ca, Mg were detected in the carbonates which are mainly ferromanganese. 
These carbonates commonly show twinned lamellae under the microscope. 

Photomicrographs of ore and gangue minerals in some ore specimens 
are shown in Plate III-10. 

(iii) Ore Texture (Plate III-12). The most common texture in the 
ore is alternate banding of pyrite and minor quartz, barite with thinner 
layers of sphalerite, galena, barite and qiaeere The banding is con- 
sidered to correspond with the foliation Fy of oe phyllitic host rocks. 
Small rootless folds outlining compositional layering Fy between the F, 
planes were noted (Tempelman-Kluit, 1972). Banding outlined by barite 
and quartz lenses or streaks in sulfides is locally quite common. 

fet casionally the ore shows a rather massive or disseminated texture 


in which banding is only vaguely recognizable. 
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PLATE III-1 


PHOTOMICROGRAPHS OF ROCK SPECIMENS (TRANSMITTED LIGHT) 


Anvil Range District, Yukon 


Sample KWA13-1: Eclogite, 7 miles SE of Rose Mountain 


Euhedral chlorite-rimmed garnet (Gt), fine-grained omphacite (Om), 
hornblende (Hb), and clinozoisite (Cz) replaces pyroxene. Plane 
light, X25. 


Sample KSLK31-1A: Eclogite, western tributary of Vangorda Creek 


Chlorite-rimmed garnet (Gt), fine-grained omphacite (Om), hornblende 
(Hb), and minor quartz. Plane Jight,3X25. =. | |) ee 


Sample KSLA13-4: Eclogite, 7 miles SE of Rose Mountain 


Partly chlorite-rimmed garnet (Gt), large hornblende (Hb), fine- 
grained omphacite (Om), muscovite (Mu), clinozoisite partly re- 
placing garnet, minor quartz (Q). Open nicol, X25. 


Sample 66-3-172: Greenstone, Faro core sample 


Fine- to medium-grained plagioclase (Pl), hornblende (Hb), and py- 
roxene (Px). Plagioclase and quartz in groundmass. Crossed nicol, 
». a 


Sample KSLK25-4: Foliated greenstone, 8 miles NNE of Mount Mye 


Relict grains of partly chloritized pyroxene (Px) and plagioclase 
(Pl). Foliation is recognizable by form orientation of grains. 
Groundmass is fine-grained plagioclase, pyroxene and chlorite. 
Open nicol, KZ5. 


Sample KSLK25-4:  Foliated greenstone, 8 miles NNE of Mount Mye 


Same as E. Crossed nicol, X25. 
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PLATE III~2 


PHOTOMICROGRAPHS OF ROCK SPECIMENS 
(TRANSMITTED LIGHT, OPEN NICOL, X25) 


Anvil Range District, Yukon 


Sample 67-3: Banded tuff, Faro core specimen 


Relict grains of hornblende (Hb), partly altered to epidote and 
sericite, minor pyroxene (Px) and quartz. X96. 


Sample KSLK25-4-1: Laminated green chert, 8 miles NNE of Mount Mye 


Thin needles of glass (plagioclase? obsidian?) aligned subparallel 
to bedding (left-right) containing layers of epidote-quartz mix 
(dark, cloudy) and microcrystalline quartz (white). X96 


Sample KSLK20-1A: Quartz mica phyllite, 2 miles N of Swim Lakes 


Kink cleavages define L3 (horizontal lineations) in folded F9. 
Brighter and medium-grained calcite and sericite (center) inter- 
folded with darker fine-grained chlorite and quartz (right, and 
near left edge). 


Sample 66-8-868: Quartz-chlorite-mica schist, Faro core specimen 


Biotite (Bt) and muscovite (Mu) forming bird-eye structures at left. 
Relict grains of pyroxene (Px) and biotitized hornblende (Hb) in 
quartz. A layer of chlorite (Ch) in central left. 


Sample 66-10-485: Quartz-chlorite-mica schist "breccia", Faro core 
specimen 


"Breccias" or fragments of schistose rock composed of quartz, chlo- 
rite, muscovite and minor hornblende set in a groundmass of "tuff 
breccia'' composed of quartz, chlorite, mica, and opaque iron oxides. 


Sample KSLA12-2B: Serpentinized peridotite, Pelly River bank S of 
z Orchay Lakes 


Relict grains of olivine (01) veined by and serpentinized to anti- 
gorite (At), enstatite (En) partly serpentinized to bastite. 
Opaque minerals are identified as magnetite, ilmenite and perov- | 
skite. 
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PLATE. Lii-3 


PHOTOMICROGRAPHS OF ROCK SPECIMENS (TRANSMITTED LIGHT) 


Anvil Range District, Yukon 


Sample KSLK25-2: Basalt flow, 8 miles NNE of Mount Mye 


Medium-grained laths of plagioclase (Pl), uralitized hornblende 
(Hb), and pyroxene epidotized to prehnite (Pn). Plane light, X25. 


Sample KSLK25-2: Basalt flow, 8 miles NNE of Mount Mye 


Same as A. Crossed nicol, X25. 


Sample KSLA12-1: Massive basalt flow, Pelly River bank S of Orchay 
Lakes 


Saussuritized plagioclase (Pl), strongly uralitized and epidotized 
hornblende (Hb), and small grains of pyroxene (Px), mostly augite. 
Minor fine-grained chlorite (mostly penninite ?) streaks in the 
groundmass. X25. 


Sample KSLA12-1: Massive basalt flow, Pelly River bank S of Orchay 
Lakes 


Same as C. Crossed nicol, X25. 


Frances Lake District, Yukon 


Sample 139-1: Calcareous phyllite, west of East Arm 
Relict grains of calcite (Cc) and microcrystalline quartz (Q) set 


in a groundmass of fine-grained epidote, chlorite, calcite and 
quarts. exo. 


Sample 139-1: Calcareous phyllite, west of East Arm 


Same as E. Crossed nicol, X25. 
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PLATE III-4 


PHOTOMICROGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT, X38) 


Faro Deposit 


Sample DDH6/7-4-460: Massive ore 


Porphyroblastic pyrite (Py) with intergrown sphalerite (Sp) and 
galena (Gn). Siderite (Sd) replaces sulfides. 


Sample DDH67-6--602: Massive foliated ore 


Intergrown sphalerite (Sp), galena (Gn), barite (dark grey) and 
pyrite (Py). Minor quartz (black). Note colloform outline at 
sphalerite-galena boundary. 


Sample DDH67-6-762: Banded ore 


Fine-grained intergrown sphalerite (Sp) and galena (Cn) and some 
fractured pyrite (Py). Quartz veins cut the specimen. 


Sample DDH67-10-549: Porphyroblastic ore 


Brecciated and fractured pyrite (Py) porphyroblasts veined or 
partly replaced by quartz (Q), siderite (black), sphalerite (Sp); 
chalcopyrite (Cpy), and marcasite (Mc). Note cubic form of re- 
crystallized pyrite in vein. 


Sample DDH66-22-305: Foliated baritic ore 
Partly corroded, porphyroblastic pyrite (Py) and intergrown sphal- 


erite (Sp), galena (Gn), and barite (black). Note colloform out= 
line of sphalerite. Minor quartz (Q). 


Sample from Faro open-pit: Strongly foliated ore 


Foliation or schlieren outlined by form orientation of grains of 
pyrite (Py), pyrrhotite (Po), sphalerite (medium grey), galena 
(light grey streaks), chalcopyrite (Cp) and quartz (Q). 
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PEATE ILI-5 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Faro Deposit 


Sample DDH66-22-305: Massive foliated ore 


Pyrite (light grey), sphalerite-galena (dark grey), barite (pearl 
white); typical baritic ore. 


Sample DDH66-2-283: Massive banded ore 


Form orientation of pyrite (light grey), sphalerite-galena (dark 
grey), barite (pearl white to light greyish white); minor quartz 
(white). 


Sample DDH66E9-299: Massive ore 


Weak foliation of barite, sphalerite, galena, pyrite and quartz; 
typical baritic ore. : 


Sample DDH67-6-762: Massive porphyroblastic ore 
Foliation or banding is visible. 
Sample DDH6/7-6-602: Massive foliated ore 


Form orientation of barite (light grey to pearly white), sphalerite- 
galena (medium to dark grey); typical baritic ore. 


Sample DDH07-10-632: Massive porphyroblastic ore 


Contains pyrite (light grey), sphalerite and galena (medium grey), 
and fragments or clasts of siliceous and phyllitic rock at left. 
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PLATE III-6 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Faro Deposit 


Sample DDH-66E9-436: Deformed fragmented ore 


Massive sulfide fragments (central) set in and veined by quartz- 
mica phyllite and quartz. Note sharp termination of massive sul- 
fides at upper contact. 


Sample DDH66-10-573: Deformed brecciated ore 


Fragments of pyrite (light grey), pyrrhotite (medium grey), sphal- 
erite-galena (dark grey) at top and strongly altered clasts or 
breccias of quartz and barite below. 


Sample DDH67-6-754: Folded ore 


Porphyroblastic sulfides and siliceous clasts or fragments. 


Upper DDH67--6-710: ''Sandy'' ore 


Loosely cemented equigranular pyrite (light medium grey), barite 
(white to light grey), and sphalerite-galena (dark grey to black). 


Lower DDH66-10-634: Pyritic ''sandy'' ore 


Same texture as above, except coarser-grained and with more sphal- 
erite and galena. Note abundant barite grains near top. 
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PLATE Ili-/ 


PHOTOMICROGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT, X38) 


Grum Deposit 


Sample DDH-A5-422: Banded ore 


Subrounded to pellet-like pyrite (Py) with finely intergrown 
sphalerite (Sp), galena (Gn) and quartz (Q). 


Sample DDH-A10-529: Banded ore 


Subrounded to pellet-like pyrite (Py) scattered in very finely 
intergrown sphalerite (Sp), galena (Gn) and quartz (Q). Larger 
patches of siderite (Sd) partly replace the sulfides at upper 


right. 


Sample DDH-A10-744: Massive folded ore 


Partly corroded subhedral pyrite (Py) with intergrown sphalerite 
(Sp), galena (Gn) and chalcopyrite (Cpy). Larger patches of 
siderite (Sd) and magnetite (Mgt) replace other sulfides. Scme 
grains of magnetite and pyrrhotite (Po) are also seen replacing 
other sulfides. 


Sample DDH-A10-774: Banded ore 


Granular subhedral pyrite (Py) with intergrown sphalerite (Sp), 
galena (Gn), barite (Brt) and quartz (Q). 


Sample DDH-A10-802A: Banded ore 


Cubic and angular euhedral pyrite (Py) and intergrown sphalerite 
(Sp), galena (Gn). Siderite (Sd) and minor quartz (Q) replace 
sulfides. 


Sample DDH-A12-538: Banded ore 


Contact between pyrite (Py) rich band and sphalerite (Sp) and 
galena (Gn) rich band. Note coarser grain size of pyrite at left 
in contrast to very fine-grained intergrown sphalerite, galena 
and quartz. 
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PLATE III-8 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Grum Deposit 


Sample DDH-A5-425: Banded ore 


Fine-grained pyritic bands (grey) and sphalerite and galena-rich 
bands (dark) with disseminated pyrite. 


Sample DDH-A10-529: Banded ore 


Some quartz clasts disseminated in sulfide bands. 


Sample DDH-A11-497: Banded ore 


Sphalerite-galena-rich bands (dark) delicately banded with fine- 
grained pyrite-rich bands. Some quartz clasts disseminated in the 
former. 


Sample DDH-Al0-774: Massive interbanded ore 


Sphalerite, galena, pyrite and barite veined by quartz and barite. 
Note coarser pyrite at lower part and finer sphalerite-galena near 
upper part of each alternation resembling "graded bedding". 


Sample DDH-A12-538: Massive interbanded ore 


Delicate banding of pyrite, sphalerite, galena and quartz. 
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PLATE: (121-9 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Grum Deposit 


Sample DDH-A10-575.5: Deformed massive ore 


Fragments of deformed quartzose phyllite (dark grey) and clastic 
quartz (medium grey). 


Sample DDH-Al10-744: Massive folded ore 


Contains deformed bands of sulfides, clastic fragments of quartz- 
siderite (medium grey) and quartz veins. 


Sample DDH-A11-503: Brecciated ore 


Pyrite breccia fragments (grey) and small quartz clasts (white) 
set in a matrix of disseminated fine- to medium-grained sulfides, 
siderite and quartz. 


Sample DDH-A10-616: 


Disseminated sulfides (mainly pyrite, minor sphalerite, galena) in 
sheared quartz-mica phyllite (dark grey). Sulfides show apparent 
replacement relationship to rock. 


Sample DDH~A10-802 


Clastic pyrite aggregates (medium grey) containing minor sphalerite 
and galena in quartz-mica graphitic phyllite. Note fragments and 
streaks of rock (dark grey) and quartz (white) in central part and 
Fo foliation of phyllite at top. Some thin quartz veins cut the 
specimen. 
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PLATE III-10 


PHOTOMICROGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT, X38) 


Swim Lakes Deposit 


Sample DDH-A4-281: Banded ore 


Angular to cubic pyrite (Py) set in sphalerite (Sp) and minor 
galena (Gn). Siderite (Sd) occurs as patches in sphalerite and 
pyrite. Note contact between recrystallized angular pyrite and 
fine-grained "primary" pyrite. 


Sample DDH-A4-426: Massive ore 


Intergrown sphalerite (Sp), galena (Gn) replaced by siderite (Sd), 
pyrite and magnetite (Mgt). Note colloform outline of sphalerite. 


Sample DDH, location unknown: Massive ore 


Slightly corroded pyrite (Py) and intergrown sphalerite (Sp) and 
galena (Gn). Siderite (Sd) and magnetite (Mgt) replace sulfides. 


Vangorda Deposit 


Sample DDH-18-120: Deformed banded ore 


Deformed band containing arsenopyrite (Asp), pyrrhotite (Po), 
sphalerite (Sp), galena, magnetite (Mgt), siderite (Sd), and 
quartz (Q). Note contact with a pyritic band at extreme left. 


Sample DDH-33-279: Deformed banded ore 


Angular, partly corroded pyrite (Py) and intergrown sphalerite 
(Sp) and galena (Gn). Siderite (Sd), magnetite (Mgt) and pyr- 
rhotite (Po) replace sulfides. 
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PLATE IITI=11 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Vangorda Deposit 


Sample DDH18-120: Banded ore 


Bands of recrystallized pyrite and minor quartz (light grey) inter- 
foliated with darker bands of siderite, magnetite, pyrrhotite and 
minor sphalerite. 


Sample DDH63-135: Foliated massive-ore 


Contains medium-grained pyrite (medium grey), pyrhotite, magnetite, 
siderite and sphalerite bands (dark grey) and quartz clasts (light 
grey). 


Sample DDH18-205: Massive folded ore 


Fine-grained sulfides (grey) mostly pyrite and minor sphalerite, 
pyrrhotite, and siderite and magnetite bands (dark grey). 


Sample DDH18-189: Partly banded and recrystallized massive ore 


Fine-grained foliated sulfides in quartz-carbonate matrix (light 
grey and dark grey areas at bottom and top). Some recrystallized 
and porphyroblastic pyrite formed in sideritic carbonate zone at 
upper part. 


Sample DDH63--223: Recrystallized "porphyritic" massive ore 


Contains angular pyrite and medium-grained quartz fragments (light 
grey) in a quartz-siderite-magnetite matrix. 


Sample DDH33-279: Deformed disseminated ore 


Sulfides (light grey) are mainly pyrite, sphalerite, galena and 
pyrrhotite in siliceous matrix rich in quartz and carbonates. 
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PLATE III-12 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED PLANE LIGHT) 


Swim Lakes Deposit 


Sample DDH-A4-281: Banded ore 


Delicate banding of fine-grained pyrite (light grey), sphalerite- 


galena (medium grey), and siderite and quartz (dark grey). Note 


some tiny disseminated quartz and barite grains (white). 


Sample DDH-A4-258: Massive foliated ore 


Very fine-grained sulfides showing "patches" of pyritic (light 
grey) and sphalerite-galena-rich (medium grey) roughly coincide 
with foliation outlined by form orientation of lenses of barite 
and quartz. Note small sideritic carbonate veins (black). 


Sample DDH-A4-296: Massive folded ore 


Interfolded sulfides and quartz-barite (white) layers. Pyrite 
(light grey), sphalerite (medium grey) and minor galena (bright 
white) set in a matrix mostly occupied by siderite and minor 
quartz. 


Sample DDH-A4-457: Massive foliated ore 


Disseminated to thinly foliated pyrite (light grey) in dense 
sphalerite, galena and carbonate-rich matrix. Some siliceous 
clasts or patches at top. 
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C. FRANCES LAKE DISTRICT 

1. Location and Access 

The district under study covers an area on both sides of the north- 
ern and central part of the East Arm of Frances Lake (Fig. III-10). 
There are several base metal sulfide occurrences in the district, includ- 
ing one lead-zinc-silver deposit on Thompson Creek situated on the east- 
ern shore of the East Arm. The district is about 95 miles NNW of Watson 
Lake and about 100 miles ESE of Ross River and located between latitudes 
61°24'N to 61°36'N and longitudes 129°15'W to 129°35'W. 

The district can be reached by float aircraft or helicopter from 
Watson Lake or by ene Watson Lake road to the west shore of the West Arm 
of Frances Lake and then by boat in the summer or by bombardier in the 


winter to the camp site. 


ee Physiography 


The district is located physiographically at the western edge of 
the NS-trending Frances Lake belt which outlines a mountain range com- 
posed mostly of Cretaceous batholiths. In the eastern part of the dis- 
trict, the batholith forms the core of Mount Hunt which includes a ser- 
ies of steep ridges as high as 7,000 feet. To the southwest Simpson 
Tower, also cored by intrusive rocks, reaches a height of 5,500 feet. 
Areas to the west, southeast and along Anderson Creek are mainly low 
rounded hills and open valleys which were’ probably formed by the last 
Pleistocene glaciers. In places fault scarp topography is pronounced. 

The drainage system in the eastern part is controlled by Mount Hunt 


and numerous creeks have carved out steep gulleys which flow radially 
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Fig. ILII-10. Location of Thompson Creek ore deposit, 
Frances ‘Lake “district, Yukon. 
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from the mountain range. Anderson Creek, which flows WSW into East Arm, 
is one of the major drainages from the high mountain ranges to the east. 
The drainage system of the western part is controlled by moderately high 
ranges running NS and parallel to Frances Lake; creeks flow into East 
Arm and West Arm from this range. 

Cirques are common at the headwaters of creeks in the Mount Hunt 
ranges, whereas rock-basin ponds are abundant near the summit of the 


moderate to low rounded hills. 


3. Fieldwork and Exploration History 


Geological mapping of the Frances Lake map-area began in 1953 by 
E.F. Roots of the G.S.C.. Geologists of the survey carried out numerous 
mapping programs in the map-area subsequently, these include L.H. Green 
and J.A. Roddick in 1960, and S.L. Blusson in 1962 and 1965. 

The Thompson Creek deposit and the related claims were acquired by 
Matt Berry Mines Ltd. of Toronto in 1965. The deposit was drilled in 
1966, 1968 and 1969. Further claims were staked or acquired in the sur- 
rounding areas in 1971. In 1970, a joint venture project was embarked 
to carry out systematic detailed geological mapping, a geophysical sur- 
vey of the district and further drilling. Companies participating in 
the project included Canadian Nickel Co. Ltd., Metallgesellschaft Canada 
Ltd. and Matt Berry Mines Ltd. 

Detailed geological mapping of the district was accomplished in 
1971 by the writer and H. Thalenhorst for the Joint Venture project. 

The drilling program was resumed in 1973 but no significant results 


were obtained. 
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a. General Geology 


A general geological map of the district showing major rock units 
and related structures is shown in Fig. III-1l. Correlation of some 
geological boundaries is uncertain due to overburden. 

Table III-2 gives ages, estimated thickness and features of major 
rock units of the district. 

Flanking the western and northern sides of Mount Hunt and at the 
western side of the East Arm, a series of metasediments and minor vol- 
canic tuffs and flows of Cambrian age is exposed. At the western and 
southeastern parts, a younger sequence of metasediments (Ordovician to 
Mississippian) Bueetiee the Cambrian strata in apparent unconformity. 

Rocks surrounding the batholiths are generally converted to horn- 
felses which include banded and massive calc-silicate rocks, spotted 
flinty rocks and massive biotite hornfelses. 

Intrusive rocks forming batholiths are mainly Middle Cretaceous 
biotite quartz monzonites. 

More detailed descriptions on rock units of Cambrian to Devonian 


strata, hornfelses and intrusive rocks are given in Appendix III-4. 


oB Structural Geology and Regional Metamorphism 


(a) Internal Structures. Internal structures observed in rock 
units of the district probably represent at least two major phases of 
deformation. The older deformation is most pronounced and can be 
represented by an earliest folding, a later development of foliation 
and refolding. The earliest folding has a regional axis (in both 


Sides of the East Arm) trending NNW and plunging gently in that direc- 
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LEGEND FOR FIG. III-11 
Middle Cretaceous 
Biotite quartz monzonite 
(Intrusive Contact) 


Hornfelses and skarns 
Cc Carbonate-rich calc-silicate hornfels 
S$ Silicate-rich calc-silicate hornfels 


B Biotite hornfels 
Devonian-Mississippian 
[732] Micaceous slate and shale with intercalated greywacke 
(Unconformity ?) 
Silurian-Devonian 


VA] Intercalated quartzite, dolomite, dolomitic slate, and 
minor limestone 


(Conformity) 
Middle Ordovician-Silurian 

Black slate and shale, locally dark impure limestone 
(Unconformity) 


Middle and Upper Cambrian 


Black siliceous phyllites and slates, locally graphitic 
and chloritic 


Quartz-sericite-chlorite schist 
Metavolcanics 


Intercalated calcareous phyllites, silty phyllites, and 
phyllitic limestone 


OS 


Fig. III-11. Geological map of the Frances Lake district, 
Yukon. 
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TABLE ITI-2 


Stratigraphic Section of the Frances Lake District, Yukon 


THICKNESS 
PERIOD FORMAT ION LITHOLOGY (feet) 
Middle Cretaceous Mt. Hunt Biotite quartz monzonite, 
Batholith minor aplite dikes 
(Intrusive Contact) 
Micaceous slate and shale 4,000 ? 
Devonian ; ; 
with intercalated grey- 
and a is 
ae wacke, locally dolomitic 
Mississippian ‘ 
limestone near upper part 
é . Interfingered and inter- 
Silurian 3 
calated quartzite, dolo- 
and ee : ~1,000 
; mitic slate, dolomite and 
Devonian 


minor limestone 


Middle Ordovician 
and 
Silurian 


Black shale and slate 
locally grade into dark 
impure limestone 


Road River 1500-2000 


Black siliceous phyllites 
and slates locally graph- 
1CiC. 4nd chileritaic., cone 
taining a layer of quartz- 
sericite-chlorite schist 
in the central part 


4,500 


Middle & Upper 
Cambrian 


Intercalated banded cal- 
careous to silty phyllites, 
shales and phyllitic lime- 
stone; minor volcanic 
layers in central and 
upper part 


(Base not seen) 
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tion (defined by Lower Hemisphere Schmidt Net projection of over 150 
fold axis measurement in the district). Development of a closely- 
spaced foliation F, took place at a later time and generally has not 


been much affected by a later refolding; F, may or may not be parallel 


2 
to sedimentary banding Fy> and sometimes tends to obscure or even 
obliterate Fi: Usually only one foliation is found, but rarely two 
conjugate planes may be bpeeawed - this older foliation is usually not 
recognizable in the field. In Cambrian rocks especially in the lower 


member, F, trends NW and dips 20°NE; whereas in the other rock units, 


2 


F, trends N and dips 20°W. This is due to the fact that F, in the 
former rocks parallels the axial planes of strongly recumbent folds 


in which all actual F, planes dip NE, whereas the overall dip is SW. 


1 
In some places, F, planes are slightly folded indicating either an 


outlasted folding beyond formation of F, or a later refolding; this 


2 
feature is more commonly observed in rock units younger than the Cam- 
brian strata. 

A second phase of deformation is characterized by the development 
of more widely-spaced foliation planes (F,) usually angular to Fi or 
sedimentary bedding planes, and a folding which refolded the Fy and 
Fy with a fold axis trending NE and plunging 20-25° in that direction. 
Fs can be considered as an axial plane foliation which probably devel- 
oped by a stronger deformation (higher temperature ?) than the older 
one as evidenced by the unique occurrence of biotite confined to F, 
planes. F, foliation occurs as the most conspicuous partings in the 
Cambrian rocks. Intersection of F3 with Fy (or F,) commonly outlines 
a lineation on the surface of these rocks. The youngest folding ob- 


Served in various rock units commonly displays rather open, sometimes 


flexure-like folds with amplitude and wavelength of a few to a few 
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tens of feet; locally drag-folding develops in more competent rocks. 

In the black quartz sericite phyllite south of Anderson Creek, open 

and recumbent slip folding and minor smaller-scale drag-folding are 
very common. Also, in the Silurian-Devonian dolomite sequence, open 
flexure-like folding with wavelengths of a few tens of feet but without 
development of foliation is common. Drag-folding and minor subisocli- 
nal slip folding are common in calc-silicate hornfels, especially in 
the calcareous unit. 

The two deformations appear to have occurred in two widely sepa- 
rated intervals; an older deformation of pre-Devonian and probably 
post-Ordovician, and a younger deformation related to Middle Cretaceous 
granitic intrusion. In the eastern part of Frances Lake map-area, post- 
Late Ordovician regional folds were observed to have been modified by 
the granitic intrusion (Blusson, 1966). 

(b) Faults. Major fault systems in the district can be divided 
into two types: major EW and NW-SE directions and minor NE-SW direc- 
tions. The former faults appear to have the most severe effects with 
apparent right lateral movements of a few thousand feet (up to 1 mile). 
The NE-SW directed faults are the least abundant and appear to have 
only minor offsets and dip to the SE. 

All faults appear to dip at steep angles to near vertical. The 
age of movements cannot be determined at present, but most of them 
Seem to post-date granitic intrusions or be related to them. 

(c) Regional Metamorphism. The grade of regional metamorphism 
Observed in rock units is within the greenschist facies; more precisely, 
the highest phase of metamorphism probably took place under the condi- 
tions of the quartz-andalusite-plagioclase-chlorite subfacies of the 


8reenschist facies of the Abukuma type (Winkler, 1967). This is in 
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contrast to Monger and Hutchison (1971) who show this district to be 
Sedcriain by rocks displaying the ''prehnite-pumpellyite-metagreywacke 
facies and/or zeolite facies". The grade of metamorphism seems to de- 
crease in a westerly direction in the district. In fact, the strata 
of Ordovician or younger ages are essentially unmetamorphosed except 
for a weak etary cleavage developed in peli rocks. Fossils in Si- 
lurian-Devonian rocks and impure limestone in Ordovician strata also 
suggest that those rocks srk A subjected to any significant regional 
metamorphism. In contrast, the Cambrian rocks are generally strongly 
schistose and generally metamorphosed. Therefore the age of the re- 
gional metamorphism is most probably Cambro-Ordovician, and certainly 
pre-dates the Silurian rocks. Blusson (1966) suggested that the re- 
gional metamorphism in the general Frances Lake map-area probably pre- 
dates the Devono-Mississippian strata. 

The critical, coexisting minerals for the above subfacies classi- 
ficiation are biotite, chlorite, and andalusite in the metapelites, 
and hornblende and plagioclase in the metavolcanics, even though the 


latter two minerals have not been determined with certainty. 


5. Ore Deposits 


There are several mineralization occurrences in the district, but 
Only one potential orebody has been drilled and developed over a num- 
ber of years. The deposit therefore constitutes the topic of this 
Study in the Frances Lake district. 

(a) Immediate Mine Geology. The deposit is located near the mouth 
of Thompson Creek where it flows into the East Arm along the eastern 
Shore. A total known strike length of about 2,000 feet of ore zone has 


been outlined. Drill results indicate an average grade of 7.99% Pb, 
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7.654 Zn, 0.43% Sb, 0.14% Cu, and 3.1 oz/ton Ag. It is believed that 
the ore zone is still open both along strike and down dip. 

A geological map of the immediate area of the Thompson Creek de- 
posit is shown in Fig. III-12, and two cross sections are shown in 
Fig. III-13. The upper member of Cambrian strata in the vicinity of 
the deposit has been subdivided in detail into several lithological 
subunits. The lowermost subunit is an undivided sequence, at least 
150 feet thick, of light grey to dark grey pyritic phyllites which only 
in rare cases show sedimentary banding; they are, however, almost al- 
ways characterized by abundant thin, dark pseudo-beds due to the pres- 
ence of black, organic material which is clearly aligned parallel to 
the foliation. Some drill holes intersected narrow sections of non- 
banded black phyllites in the grey phyllite sequence. 

A layer of quartz-sericite-chlorite schist is locally present 
within the grey phyllite and is believed to represent a tuffaceous rock 
deposited contemporaneously with the surrounding phyllites. The maxi- 
mum thickness is about 150 feet. Two varieties were encountered and 
include a coarse-grained rock with abundant quartz eyes or clasts and 
a fine-grained type lacking quartz eyes. This quartz-sericite-chlorite 
Schist in the drill holes can be correlated with a similar sericite 
schist exposed on surface SE of the Thompson Creek deposit. 

Rocks in which ore horizon occurs overlie the grey phyllite and 
are characterized by very dark grey to black phyllite, always contain- 
ing about 1 to 5% sedimentary layers or bands of white and green color 
in about equal amounts. The green layers or lenses are mainly composed 
of chlorite, epidote, and minor carbonate and sericite; white layers 
are mainly ae and minor carbonate. Above the base of the black 


phyllite, there occur. three horizons of black phyllite with greater 
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LEGEND FOR FIG. III-12 


Upper Grey Phyllite - ‘eee and white layers 

Black Phyllite - white and green layers (10%) 
Black Phyllite - white and green layers (5%) 

Ore Zone 

Quartz-sericite-chlorite schist (metatuff) ~ 


Lower Grey Phyllite - mostly without sedimentary layers 
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Fig. III-13. Cross sections of the Thompson Creek deposit, 
Frances Lake district. 
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amounts (10-20%, sometimes 20%) of green and white layers. These hor- 
izons appear 30 feet, 50 feet, and 120 feet above the base of the black 
phyllites and are 20 feet, 10 feet and 15-35 feet thick, respectively. 

Very rarely grey phyllite occurs within the black phyllite se- 
quence but it is of minor importance in the central part of the depos- 
it, but appears to increase towards the SE where it evidently replaces 
large sections of the black phyllites perhaps indicating a major facies 
change in that direction. 

The upper sequence is a grey phyllite displaying sedimentary band- 
ing which in the lower 100 feet is made up of white and black bands, 
and above this slight color differences between adjacent bands of dif- 
ferent grain size outline white (quartz) bands interfoliated with black 
(graphitic) bands. 

A black to dark grey phyllite sequence with up to 10% white and 
green bands was intersected in one drill hole and probably belongs to 
a somewhat higher stratigraphic level than the upper grey phyllite se- 
quence, 

Photomicrographs of some major host rocks are shown in Plate III- 
a3) 

In a of the above-mentioned subunits massive portions of quartz- 
Carbonate (ankerite or siderite) occur at least in part conformable to 
the bedding and/or have been remobilized during metamorphism and folding 
as can be demonstrated in at least two instances. 

The main ore zone occurs as a thin band or layer a few feet imme- 
diately above the base of the black phyllite subunit and is generally 
about 20 to 30 feet thick; the ore zone follows this stratigraphic po- 
Sition for at least 2,000 feet northwestward along strike and dips to 


the NE at about 30°. One or two much less extensive and continuous 
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lenticular layers above the main ore zone can be seen in some drill 
intersections. Drill results at the southeastern part of the deposit 
indicate a decreasing degree of ore mineralization in the same strati- 
graphic position; this, together with the indicated facies change in 
the phyllites (see above), gives the impression of a primary limit to 
mineralization in this direction. 

In most intersections, transgressive foliation (F 4) is observed to 
be discordant to bedding and generally shows dip of less than 20°3; only 
in rare cases, especially in rocks with great amount of banding, trans- 
gressive foliation has not developed and a foliation commonly follows 
bedding planes. Most folds observed in the host rock sequence have a 
wavelength of a few inches up to a few feet, and folds with wavelengths 
of several tens of feet to 100 feet seems to be less frequent. It has 
been found that bedding dips relatively uniformly towards the NE in 
most intersections; significant folding occurs only in the northwestern 
part of the deposit. A series of E-W striking faults dipping steeply 
(75°-85°) N transect the area of the deposit and slice up the ore hori- 
zon considerably. Most of these faults have a left-lateral movement of 
50 to 200 feet and only two of the faults have an apparent right-handed 
movement. The eles are accompanied by a zone of shattering and minor 
faulting in adjacent rocks and partly by intensive leaching and/or al- 
teration (mica minerals > clay minerals, in part without distortion of 
the older phyllite structures); the fault zone is generally much wider 
than the main fault breccia zone of mud formed on the actual slip plane. 
Quartz-carbonate-chlorite has been deposited in parts of these faults, 

often associated with pyrite and/or pyrrhotite, and in one case (DDH26A) 
with coarse-grained sphalerite and galena. In the southeastern part of 


the deposit a NNW-SSE trending thrust fault was recognized, dipping 60° 
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to 65° SW. It has apparently been offset by the EW faults and has du- 
plicated the ore horizon in DDH25. A similar but smaller fault was 
found in DDH31 in the northwestern part. 

(b) Ore and Gangue Minerals. Ore minerals observed in the Thompson 
Creek deposit are, in decreasing order of abundance, sphalerite, galena, 
pyrite, pyrrhotite, chalcopyrite, Sb-Pb sulfosalts, marcasite, chalco- 
cite, and arsenopyrite. The latter three minerals are trace constitu- 
ents. Pb-Sb-Cu sulfosalt minerals are mostly meneghinite and minor 
boulangerite, with a trace of bournonite (?). Gangue minerals are 
predominantly ie and carbonates, with very minor sericite, chlo- 
rite and graphite which probably were derived from the host rocks. 

(i) Ore Minerals. Sphalerite and galena constitute the major 
portion of the sulfide ores, and they are usually intergrown with each 
other. Sphalerite generally forms fine- to medium-grained aggregates 
or bands and exhibits massive to disseminated texture on hand specimens. 
It is medium grey to light brown in color and sometimes contains exso- 
dutions or inclusions of chalcopyrite, pyrrhotite and rarely pyrite. 

On hand specimens, galena is generally recrystallized and coarse- to 
medium-grained, and occasionally shows deformation features such as 
galena tails (steely galena), flow banding, and fragmented clasts. 
Under the microscope, development of intersecting cleavages outlined by 
triangular pits is sometimes observed, and could very well be glide- 
twin-lamellae resulting. from the action of stress (Ramdohr, 1969). 

HCl etching did not succeed in revealing the lamellae, however. 

Pyrite commonly occurs as disseminated grains, veinlets and de- 
formed aggregates in ore and gangue pee only rarely as intergrown 
"emulsions" in galena and sphalerite. Pyrrhotite occurs closely with 


Pyrite, chalcopyrite, sphalerite, and carbonates as bordering fine- 
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grained aggregates and irregularly-shaped patches, and occasionally as 
inclusions in or veinlets cutting galena and sphalerite. Chalcopyrite 
forms exsolutions in sphalerite and also as veinlets with pyrrhotite 
in other ore minerals. 

Sulfosalt minerals generally occur as intergrowths and as veinlets 
in carbonates. In the former occurrence the main sulfosalt minerals are 
meneghinite, boulangerite and rare bournonite or jamesonite; they form 
medium to large unoriented grains with irregular boundaries with galena; 
twinning lamellae are observed in a few of these sulfosalts and these 
could possibly be bournonite or jamesonite. In the latter occurrence 
meneghinite occurs either exclusively as veinlets and streaks (striae) 
or with galena in veinlets of galena-sphalerite. Under the microscope, 
the sulfosalt minerals are very similar to galena in most optical fea- 
tures except they generally show a faint greenish grey tint, lack tri- 
angular pits and some show anisotropism and very weak internal reflec- 
tion. 

Very small amounts of marcasite, ehaleoetee and arsenopyrite are 
seen as small, idiomorphic grains either associated with pyrite or as 
veinlets in gangue minerals. 

(14) Gangue hnenaia: Quartz and carbonates are the predominant 
gangue minerals and they occur mostly as brecciated to granulated, me- 
dium- to coarse-grained aggregates or clasts disseminated in and inter- 
mixed with ore minerals. Carbonate minerals are mainly Fe-Mn carbonates, 
but also contain solid solutions of Ca and Mg. They are light brown to 
medium grey, commonly display twinning lamellae both in hand specimens 
and under the microscope. Quartz and carbonates usually contain inclu- 


Sions or veinlets of other minerals such as chalcopyrite, pyrrhotite, 


cad i tanebses so him , oeebieq icici 
egtietetus bre enelsg gakaan eastsibw oat sn 


a, 


gisinksy anode tae: ieyrretedye cit rot rules 


es a ha an * eiets ” 


et Frvqootano 


“wagtoderea wale 


gia eh hid saswr gts st eM 1G Chi enonsa velutoatin 2 see 
me 
‘ite 4tenb vine olen ons oortrusSe treet? st We fa 
ee a: 7 


ineried siit bot siregasor” 


mi vant + oorctoum., yo 


l sstveotet Ayiw Baler pages krone * | 


re PTrhoaes 
soni? bos atianott i isiowits 36 wet A ai Hovrsaic’ sxe 
asney ginod yedtel ate ae gS tte seiek We ‘osgnanTuod ad 
t+au) sulsorde tna SIelArew a6 taal —— | 
Ps A 
sooseetb ia add TSebrt aR RAGE OH} ee Sn! esolniev fae 
; 
ao% taslsoh Dedm nt pirvipg os- nab alt & wis7 332 plat “a 


~4 jont .s0ke Yoke detweete sghet a “wede sateen 
ee Polretet Fea ese ite vitabsioeton with omee. bat 


~ ate 


cn Sadr eqinsd ye! baa astooolady (8 bess tae 40 evetinomis LE 
sdivyq dotw betetsouep tedste ealesy siriqremokh? yas 

; elas Svgany ab | 

jneatachery ods ote aedpnodtas bass rau) celsxeaiM ougand . 


yt: Bi vankuonts om botalsoawd a yiveom 1590 Yyeds baa 
_~9jai bes et basedbebenth aoeeka ‘se essugeraas bentexg-oene 
eotanodya, aMest Vlnbom ere efkentn sienodtad - elasedtn 220° 
ot sword tdatl ove yoil” «gt hme 89 %0 pisidoben Pifoe mkeaamny'* 
areulseqn Srreat at fitod oo linned) gnintctws yolqerb yinemmos 
-nfont wledsos Yliacan sedengdts bas sitan9 .sqooeoTotm od? ° 
wetdordtireg SaPreqoo Lars ae dove sinsenie zeonso to asbtabee 

‘ A y : et Nee ee pan ’ vin 


ji f 


( 


126 


marcasite, and sulfosalt minerals. Sphalerite is usually seen in contact 
with carbonate minerals. 

Other gangue minerals observed include very minor amounts of ser- 
icite, chlorite and graphite; most of these were probably mobilized from 
host rocks near fault zones. 

Photomicrographs of ore and gangue minerals of some typical ore 
specimens are shown in Plate III-14. 

(c) Ore Texture. The ores are typically deformed and brecciated, 
displaying a rather massive but strongly remobilized texture in which 
ore and gangue minerals are mixed in a random pattern: granulation, 
contortion and flow banding are the common features observed, which 
probably were due largely to metamorphic mobilization, faulting and 
brecciation. Late veining of sulfosalts and sulfides in quartz and 
carbonate matrix is also observed on a few occasions. 

Typical textures of ores in hand specimens and drill cores are 


shown in Plate III-15. 
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PLATE III-13 
PHOTOMICROGRAPHS OF ROCK SPECIMENS (TRANSMITTED LIGHT) 


Frances Lake District 


Sample 139-3: Calcareous phyllite, west of East Arm 


Patches and grains of calcite (Cc), quartz (Q) with foliations of 
biotite and sericite at left. Plain lights x25. 


Sample DDH8-114!: Quartz-sericite-chlorite phyllite, Thompson Creek 


Folded Fj separated by complexly folded Fy (top-bottom of photo); 
transposition of Fj] to F9 is apparent. Quartz (white), sericite 
(faint grey, mainly between foliations of quartz), and chlorite 
(Ch) ,(medium grey, mainly along F2). X25 


Sample DDH19-257': Quartz-sericite-chlorite schist, Thompson Creek 


Sericite (Sc) probably originally hornblende, quartz (Q), and relicts 
of plagioclase (P1), and epidote (Ep). Foliation is outlined by form 
orientation of grains (top-bottom of photo). Crossed nicol, X25. 


Sample DDH28-66.5': Quartz-chlorite-sericite phyllite, Thompson 
Creek 


Foliations (F9) of quartz (white), chlorite (Ch), and epidote (Ep); 
most probably prehnite (?). Minor calcite (Cc). Foliation is 
horizontal in photo. X25 


Sample DDH3-28.5': Quartz-sericite phyllite, Thompson Creek 


Lineation (probably intersection of F2 and F3) is seen cross cut- 
ting F9 foliations (top-bottom of photo) composed of quartz (dark) 
and: sericite (light. ¢rey).7) Crossed’ nicol. x56 


Sample DDH22-365': Deformed and banded sulfide, Thompson Creek 


Contact of banded sulfides (left) and phyllite (right); phyllite 
composed of clastic quartz (white), chlorite (dark grey to black) 
and sericite (grey). X96 
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PLATE III-14 


PHOTOMICROGRAPHS OF ORE SPECIMENS (REFLECTED LIGHT) 


Thompson Creek Deposit 


Trench Sample KSL572-6 


Meneghinite (medium grey) in galena (light grey) and sphalerite 
(dark grey), black patches at left are siderite. Minor smail 
pyrite and pyrrhotite grains (white). Plain light, X38 


Sample DDH4-43.5' 


Veins of galena (white), sphalerite (medium grey) carrying 
meneghinite (light grey) in sideritic carbonate (dark grey to 
black, twinned at left). Minor quartz grains in sulfides and 
carbonates. X38 


Sample DDH6-34.5': Deformed and banded ore 


Contact of bands of sphalerite (grey) and galena (white). Note 
mutual myrmekitic intergrowth of both sulfides. Sulfides are 
replaced and veined by quartz (black). Minor pyrrhotite (Po) 
grains in sulfides. X38 


Sample DDH6-34.5'A 


Meneghinite (white) veins in siderite (medium grey) and quartz 
(dark grey and black). X38 


Sample DDH24-308: Deformed and banded ore 


Intergrown galena (light grey) and sphalerite (medium grey), and 
chalcopyrite (Cp) replaced by pyrrhotite (Po), pyrite (Py) and 
quartz (black) 27x36 


Sample DDH25-474A: Deformed and banded ore 


Sphalerite (medium grey) band in contact with galena (white) rich 
band. Pyrrhotite (Po) and quartz (black) replace sulfides. X38 


Sample DDH28-158: Deformed ore 


Intergrown galena (greyish white), sphalerite (medium grey), 
boulangerite (light grey) and chalcopyrite (tiny dots in sphaler- 
ite at left) replaced by pyrrhotite (Po), pyrite (Py), quartz 
(black) and marcasite (Mc). Note myrmekitic intergrowth of mar- 
casite with pyrrhotite. X38 


Sample DDH28-158 


Same as G. Crossed nicol. x39. Note twinned lamellae of boul- 
angerite and pyrrhotite. 
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PLATE III=15 


PHOTOGRAPHS OF ORE SPECIMENS (REFLECTED LIGHT) 


Thompson Creek Deposit 


A. Sample DDH22-340.5': Deformed and banded ore 


Sphalerite (dark grey) and galena (medium grey) and "granulated" 
quartz porphyroblasts (white). X38 


B. Sample DDH25-462' 


"Granulated" aggregates of sphalerite (dark grey) and quartz 
(white) minor galena is associated with sphalerite. X38 


C. Trench Sample KSL572: Deformed massive ore 


Sphalerite (dark grey) and galena (medium and light grey) with 
disseminated quartz and pyrite. Some quartz and siderite por- 
phyroblasts. 


D. Sample DDH28-158: Deformed massive ore 


Aggregates or patches of carbonates and quartz porphyroblasts 
replace sulfides. X38 


E. Trench Sample KSL572-1: Deformed massive - brecciated ore 


Large porphyroblasts of quartz (white) and patches of carbonates 
(dark grey) forming vague flow banding and granulation. 
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D. HOWARD'S PASS DISTRICT 

1. Location and Access 

The district in which the newly discovered sees een zinc-lead 
deposits of Canex Placer Ltd. of Vancouver is situated covers a large 
area along the border of Yukon and District of Mackenzie, N.W.T., from 
approximately latitude 62°26'N to 62°37.5'N and longitude 129°04'W to 
129°45'W. Mineral claims surrounding the Canex Placer's property cover 
from latitude 62°24'N to 62°41.5'N and longitude 129°02'W to 129°55'W. 
The district is located at the southwestern Sade the NW-trending 
Selwyn Mountains, about 8 to 10 miles SW of the South Nahanni River, 
and covers the headwaters of the Pelly River one branch of which orig- 
inates at Summit Lake, about 10 miles SW of the Canex Placer's main 
deposit (see Fig. III-14). 

The district can be reached by float planes to Summit Lake from 
the towns of Ross River or Watson Lake and then by a helicopter service 


stationed at Summit Lake. 


Zz Physiography 


The district belongs to the Selwyn Mountains physiographic prov- 
ince of Bostock (1970) and is characterized by high mountain ranges 
and steep but broad river valleys. Meandering and slow flowing marsh- 
land type streams and small rivers form W to SW flowing headwaters of 
the Pelly River in most of the district. A few NE to SE flowing streams 
and small rivers drain the northern and eastern edges of the district 


and flow into South Nahanni River to the NE. 
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eis. I1T-14. 


Location map of the Howard's Pass district and the Summit 
Lake region. The inner outline shows Canex Placer's claim 
groups, the outer outline shows claim groups of other 
companies. 
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The district has been extensively glaciated to at least 6,500 feet 
elevation. The ice movement at higher elevations was mainly NNE to NW; 
at lower elevations ice movement followed the present drainage system. 

Generally speaking, in the eastern and southeastern part of the 
district high mountain ranges with steeper river valleys are common, 

_ aS in the western and northwestern part low rounded ridges with 
broad river valleys are the conspicuous topographic features. Cirques 


are common at the summit of many ridges. 


<F Fieldwork and Exploration History 


Geological mapping of the Nahanni map-area (the western part of 
which coincides with the Howard's Pass district) was carried out ona 
scale of 1 inch = 4 miles by Green a Roddick (1961) and Blusson 
963, 1967) of the G.S.C.. 

Exploration in the district was essentially non-existent until 
the geological information published by Blusson in 1972 which led to a 
staking rush in the winter of 1972 and spring of 1973. Canex Placer 
Ltd. of Vancouver was the first company to stake in the district and 
apparently covered the best potential ground; many companies and indi- 
viduals followed suit and staked around Placer's property; these in- 
clude Dynasty Explorations Ltd., Vestor Explorations Ltd., Cominco Ltd., 
Noranda Explorations Ltd., Al Kulan of Ross River, and others. 

Drilling and trenching in the Placer's main zone (XY claims) were 
Started in 1973 and drilling continued in 1974 and 1975. Trenching in 
Other parts of the claim group was also carried out in 1973. In 1974 


Dynasty Explorations Ltd. of Vancouver and Shield Resources Co. Ltd. 
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- of Edmonton jointly drilled part of their Pas claims just NW of the 
Placer's main zone. Noranda Explorations Ltd. drilled its barite prop- 
erty W of Placer's main zone in 1973-1974. 

At the time of writing, development and production plans of Canex 


Placer Ltd. have not been disclosed. 


4. General Geology 


The information on general geology of the district comes from var- 
ious sources; these include: 

l. Field mapping by the writer for Vestor Explorations Ltd. in 
1973. 

2. Geological data provided by G. House and J. Morganti who worked 
for Canex Placer Ltd. in 1973 and 1973-1975, respectively. 

3. Crude stratigraphic information in the district and adjacent 
areas given by Blusson (1967). 

The generalized geological map of the Summit Lake region SW of 
South Nahanni River (including the Howard's Pass district) is shown in 
Fig. III-15. Stratigraphic section of the region is presented in 
Table III-3. 

In the southern and southeastern part of the region S and E of 
Summit Lake, Lower Cambrian and older strata of unc tomecneee sand- 
“stone, gritty quartzite and See occupy most of the mountain ranges. 
Sinuous belts of Cambro-Ordovician carbonates with minor siltstone 
occurs in the main part of the district as well as SW of the Summit 
Lake region. Narrow belts of Ordovician-Silurian siltstones and shales 


Occur in the district. A thick sequence of Devonian or younger strata 
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LEGEND FOR FIG. III-15 


Devonian and Younger 


paeg Conglomerates, sandstones, shales 


Ordovician-Silurian 


Siltstones, turbidite near upper part 


Camb ro-Ordovician 
=a Limestone, dolomite, minor siltstone 


a Red bed: Sandstone, sandy dolomite and orthoquartzite 


Lower Cambrian and Older 


Conglomerate, sandstone, gritty quartzite, and shale 
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Fig. III-15. 


Geological map of the Summit Lake region, Yukon Territory - 
Northwest Territories. 


Block (1): ‘Outlinevorerics Lll-16: 
Block—(2).:.. Outline of Fig. IT1LI-17. 
Block (8) > “Outline oer=ricslit-13'. 
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TABLE III-3 


Stratigraphic Section of the Summit Lake Region, Y.T.-N.W.T. 


THICKNESS 
PERIOD FORMAT ION LITHOLOGY (feet) 


Chert and shale pebble 
conglomerate, inter- 

bedded sandstone, shale 

and siltstone, minor red >3,000 
iron oxide bands or rings 

in the upper part sand- 

stone and siltstone 


Devonian 
and 
Mississippian 


Yara Peak 
Group 


Black siliceous siltstone, 
sandstone interbeds in the 
uppermost part containing 

layers and clasts of black 
chert, limestone and barite 


Siluran ~ 600 


Grey dolomitic siltstone: 
pyritic and graphitic near 
base, more siliceous near 
top. Bears clay flakes 

and is commonly flaggy 


Siliceous and shaly silt- 
stone, containing black 
chert beds and limestones 
clasts, partly pyritic 


500-600 


Cherty siltstone, abundant 
siliceous shale partings 

near top. Lead-zinc min- 
eralization. 


Ordovician Road River Cherty limestone and silt- |(<1,000) 
stone, abundant clasts and 


lenses of limestone 


Black graphitic and grap- 
tolitic siltstone, calcar- 
eous near base and pyritic, 
graphitic or siliceous near 
upper part 


Transition zone limestone 
and dolomite laterally 

grade into massive calcar- 
eous siltstone 


Wavy banded interbedded 
limestone and dolomite 
locally containing thin 
shaly partings 


Upper Cambrian 


and Rabbitkettle 


>1,0 
Silty and sandy limestone po 


and dolomite, massive 
siltstone locally calcar- 
eous near base 


Lower Ordovician 


(Red bed; sandstone, 
sandy dolomite and ortho- 
quartzite in SE part) 


Varicolored slates, siit- 
stones and phyliites,ne 8,000 
minor quartzite 


Lower Cambrian Maroon and green shale 3,000 
and Grit unit Calcareous, gritty feld- 
Older spathic sandstone and 
ee quartzite, quartz and >9,000 


feldspar pebble conglom- 
erate with interbedded 
silty shale and slate; 


locally containing thin 
bedded impure limestone | 
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composed of grits, sandstones and shales occupy a large area in the 
central, northern and western parts of the Summit Lake region. 

Two detailed geological maps of parts of the district (see Fig. 
III-14 for location of these maps) are presented in Fig. III-16 and 
Fig. III-17, respectively. 

Detailed descriptions on rock units from Lower Cambrian to Mississi- 


ppian are given in Appendix III-5. 


a. Structural Geology 

(a) Folding. Regional folding in the district is generally tight 
and vertical to slightly overturned. Major fold (Fy) trends WNW (300°- 
320°) and plunges at 10-20° to the NW; two types of secondary or para- 
sitic folds were observed occurring with the major fold, their axial 
planes and plunges are similar to those of the major fold but the dips 
of axial planes are variable. A regional penetrative cleavage Sy was 
commonly observed in pelitic rocks and appears to be axial planar to 
Fi: The development of different fold patterns is mainly dependent on 
lithology and non-penetrative structural style. Generally speaking, 
both major and secondary meso-to-minor folds usually are more abundant 
and better developed in incompetent rocks. In the conglomerates, Fy 
folding is broad and open; meso-folds affect the interbedded sandstone 
and shale member but not the conglomerates themselves; folding in lime- 
stone is not intense but development of meso- or micro-folds was ob- 
Served and they are generally subisoclinal folds; the siltstone units 
are more tightly folded and small isoclinal concentric folds were ob- 
served; bedding in these units is generally obscure but is recognizable 
where the cleavage is less intense. Sy cleavage, where observed, gen- 


erally "fans" across F, with a fan width or angle of about 20°; some of 
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LEGEND FOR FIG. ILII-16 AND FIG. III-17 


Devonian-Mississippian 
[f+ +4 Chert and shale pebble conglomerate 


Interbedded sandstones and siltstones 


Silurian 
VA Siliceous and dolomitic siltstone, generally pyritic 
and laminated . 
Ordovician 


ans Black graphitic siltstone with cherty, calcareous and 
siliceous layers 


Upper Cambrian 


ea Wavy banded limestone and silty limestone 


Cross Section A- ae - Fig, II-| 7 
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Fig. III-17. Geological map of an area in the northwestern 
part of the Howard's Pass district. 
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the cleavages are commonly filled with remobilized quartz or carbonate, 
and in the case of mineralized beds are filled with sulfides, cleavage- 
slip appears to be the main type of deformation. 

In the areas investigated by the writer, a second period of re- 
gional foiding (F,) was observed in the Silurian and the Devono-Missis- 
sippian strata. It is a gentle and open fold with a fold axis trending 
NNE to NE and plunging quite steeply (60°-80°) to the SW (in area just 
S of Placer's main zone, see Fig. III-16) and to the NE in the north- 
western part of the district (see Fig. III-17). A joint set Sg trend- 
ing 20°-30° and dipping vertically ia the axial planar cleavage of the 
Fy folds. Quartz calcite veins occur in So joints and tension gaps and 
appear to be the result of remobilization during the second period of 
folding. 

Near the headwater of Flat River, about 40 miles SE of the dis- 
etact, the Sy cleavage associated with Fy regional folding was observed 
to clearly pre-date granitic intrusion suggesting a post Devono-Missis- 
Sippian and pre-Middle Cretaceous age for the deformation. 

(b) Faulting. Faulting presumably occurs during the same period 
as the major regional folding. Scale of faulting varies from minor 
fractures to larger scale local to regional faulting. The small-scale 
fractures or faults generally have a parallel trend to the regional 
axial plane cleavage, the displacement on these shears appear small and 
a strike-slip movement occurs in a local scale. Larger scale local to 
regional faulting generally truncates the major folds and appears to 
be normal faulting with minor lateral displacement. The development of - 
this faulting probably occurred slightly later than the Fy folding. 

The regional axial plane cleavage is thought to play an important 


Part in the deformation history of the area, the cleavage planes have 
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.formed strike-slip cleavage, or fracture cleavage, and there is a small 
displacement along each cleavage plane - taken together the displacement 


would be quite large. 


6. Ore Deposits 


The main ore zone in the XY claims of Canex Placer Ltd. is by far 
the largest deposit in the district (Fig. III-14); there are also sev- 
eral mineralization occurrences in the ANNIV claims of Placer as well 
as in other companies' claim groups. Placer's main zone constitutes 
the topics of this study in the Howard's Pass district. 

(a) Immediate Mine Geology. A geological map of the Canex Placer's 
main zone is shown in Fig. III-18; two cross sections of the main zone 
are shown in Fig. III-19. Lead-zinc mineralization occurs in the cherty 
siltstone and partly in the cherty limestone members of Middle Ordovi- 
Flan strata. Ore grade of drill core specimens is variable due to the 
fine-grain and disseminated or laminated nature of the mineralization, 
but typical thin laminated ores have an average grade of 6% Zn, 1 to 2% 
Pb; ore reserve tonnage has not been published, but an estimate of about 
100 million tons appears conservative. 

Stratigraphy of the rock units in the main zone is similar to that 
described above for the general district (Table Th 3)e The rock units 
are generally affected by eae NW-trending major folds and truncated or 
offset by numerous normal faults, mainly trending NE. Generally speak- 
ing, the main zone is characterized by a synclinorium developed in the 
Yara Peak area with slight overturning to the NE. Rocks S of Yara Peak 
on the southern limb of the synclinorium generally outcrop in small 
tight isoclinal folds with well developed axial plane cleavage. To the 


N of Yara Peak, beyond the northern limb of the synclinorium the wavy 
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Ca 


LEGEND FOR FIG. III-18 


Devonian and Mississippian 


Chert and shale pebble conglomerate, interbedded sand- 
stone and siltstone 


(Unconformity) 
Silurian 
[Pasa Siliceous siltstone, minor chert and barite 
FAA Fetid silty limestone 
() Clay-flakes bearing dolomitic siltstone 
(Conformity) 
Ordovician 
ES Siliceous siltstone, minor black chert and limestone 
Cherty siltstone, major Pb-Zn mineralization 


Cherty limestone or calcareous siltstone, minor Pb-Zn 
mineralization 


Graphitic, graptolitic siltstone 
(Sedimentation break ?) 
Upper Cambrian and Lower Ordovician — 


Es "Transition Zone" limestone and dolomite, grade 
laterally into calcareous siltstone 


a Wavy banded limestone and dolomite 
FEL] Massive silty and sandy limestone and dolomite 


(Base not seen) 
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banded limestone unit is exposed in the core of an anticline, and at a 
large outcrop an anticline with amplitude of about 100 feet and plunge 
of 12°W was observed; small-scale isoclinal folds were not seen. 

Rock types in which mineralization occurs are mainly light to dark. 
grey, cherty to calcareous, very fine-grained and laminated siltstone; 
remobilized sulfide layers or pods by eee with sheared calcite and/or 
quartz are occasionally observed along Sy cleavages in these rocks. 

This remobilization occurred in both hand specimen and outcrop scales. 
High-grade galena-rich pods or "cross faults" aligned parallel to Si 
are observed in trenches in the main zone. Sphalerite and galena layers 
intersecting primary bedding at low angles in cherty siltstone specimens 
are also commonly encountered and believed to result primarily from de- 
watering compaction cleavage (see ae Llga17C). 

The thickness of the mineralized cherty siltstone is estimated to 
be about 50 feet, and if the mineralization that extended to part of the 
Cherty limestone unit is included, the total thickness of stratiform 
mineralization bed could be as much as 100 feet. The aerial extent of 
mineralization in the main zone is about 2 miles long and 1.5 miles 
Wide. No definite correlation of the aerial extent of mineralization 
in the district has ever been made. However, cherty siltstone and cal- 
Careous siltstone of a similar age and lithology, containing smaller 
and lower grade stratiform zinc-lead mineralization, occurs in ANNIV 
Claims of Placer and Pas claims of Dynasty, about 14 miles and 3 miles, 
Tespectively NW of the main zone. If these occurrences are considered 
as the extension of the mineralization, then the aerial extent could 
indeed be very large. Alternatively, all these occurrences could pos- 
sibly be separate mineralization centers with zinc-lead grade decreas- 
ing laterally outwards and vertically until it reaches the background 


levels of sediments. 
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The main zone deposit appears to contain several mineralized silt- 
stone horizons separated by sulfides - poor cherty to calcareous, pyritic 
sediments. The enclosing sediments are essentially composed of quartz, 
calcite, dolomite, illite and carbonaceous matter. 

(b) Ore and Gangue Minerals. The ore minerals are mainly very fine- 
grained (often only a few microns in diameter) and occur as thin lamina- 
tions conformable to bedding and disseminated grains; coarse-grained 
patches or aggregates are very rare except in remobilized pods or streaks. 
The main sulfide minerals, in decreasing order of abundance, are pyrite, 
sphalerite, galena, chalcopyrite, marcasite, and possibly bornite or 
chalcocite. The latter three minerals occur only in very minor to trace 
amounts and are not seen in many specimens. There are two types of py- 
rite - framboidal pyrite generally a few microns in size occurs as dis- 
seminations or laminations along bedding or dispersed in the matrix of 
a specimen; and coarser-grained subhedral to angular crystals of pyrite 
form massive aggregates which appear to be recrystallized after and seg- 
regated from framboidal pyrite, and are probably diagenetic in origin. 

The second type of pyrite appears to be abundant in folded and remobilized 
beds as well as associated with the concentration of sphalerite and ga- 
lena, whereas Bee bed aed pyrite is rarely seen associated with zinc-lead 
mineralization, except occasionally where the mineralization is weak and 
of a disseminated nature. Sphalerite is present as fine-grained dissem- 
inations and monomineralic layers or laminations (up to 1 mm thick) and 
less commonly as remobilized bands or pods; its color is usually pale 
8teyish white but some appears to be light brown. Galena commonly occurs 


with sphalerite as discontinuous "threads" that can be monomineralic or 
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grade into the adjacent sphalerite as fine-grained disseminations; it 
also forms small unmixing intergrowth blebs and streaks in sphalerite. 
Some coarse-grained galena occupies remobilized pods or cross-faults in 
association with pyrite. Disseminated to thinly bedded sphalerite, 
galena and pyrite are sometimes strongly replaced by remobilized layers 
or aggregates of the same sulfides with patches of sheared calcite. 
Chalcopyrite occurs as small isolated grains or patchy aggregates 
in sphalerite. On one occasion, some tiny bluish copper sulfide miner- 
als identified as bornite, occur as rims around pyrite. Marcasite is 
present as small mottled, blondish minerals forming aggregates inter- 
stitially in the groundmass, and appears to be primary in origin. 
Non-sulfide minerals made up the rest of the Lae ie and they 
include, in order of decreasing abundance, carbonates, clay mica (mostly 
illite and some vanadium-mica), carbonaceous matter, and quartz. Car- 
bonate minerals are mostly calcite and dolomite; they occur in the 
groundmass as small patches or grains along bedding as well as randomly 
distributed thin laths or streaks; some remobilized specimens contain 
Secondary sheared and/or crushed fibrous calcite in contorted bands or 
veins, often containing some fine-grained quartz aggregates. Quartz 
also occurs in the groundmass as interlocking minute streaks or finely 
dispersed grains in small amounts. Clay mica minerals probably make up 
most of the silt fraction ben te rock, and illite is by far the most 
abundant component, with minor amounts of vanadium-bearing mica (roes- 
Colite ?) and chlorite (Plate III-16E). Roescolite (?) occurs as thin 
laths or needles aligned parallel to the bedding together with carbon- 


aceous matters; it sometimes shows straight extinction and is generally 
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white creamy grey in polished section. Carbonaceous matter (Plate III- 
16E and G) is omnipresent in most of the specimens investigated; LC 
occurs as smooth, purplish to brownish creamy aggregates, partly broken 
or fractured, in the groundmass with other carbonates, quartz and micas; 
in remobilized sulfide layers replacing sulfides; as minute streaks 
aligned parallel to laminations; and in quartz veins cutting sulfide 
beds. The carbonaceous matter has a low reflectivity (5%) and some is 
characterized by wavy extinction and weak anisotropism. Chemical im- 
purities were detected in most of. the carbonaceous matter and include 
amen, Ca, K; Ti and S. 

Photomicrographs of some typical ore and gangue minerals are shown 
in Plate III-16. 

(c) Ore Texture. There are basically three types of prominent 
textures in the mineralized specimens: finely laminated ore with minor 
dissemination and framboidal pyrite, folded beds with some minor re- 
crystallization and mobilization, and highly contorted beds with prom- 
inent recrystallization, mobilization, and brecciation. 

THe laminated and disseminated ore is by far the major mineral eas 
tion type, and is characterized by very fine-grained sulfides faintly 
laminated and/or disseminated throughout the host rocks which usually 
are enriched in sedimentary pyrite beds or disseminations. In detail 
this type of ore is sometimes slightly disturbed and small amounts of 
mobilization can be observed; some of this mobilization may be due to 
Pre-consolidational sedimentary loading or compaction and some may be 
due to post-depositional tectonic disturbance. 

As tectonic ae gerne ion inereases in intensity and scale, folding, 


recrystallization, mobilization of sulfides into Sy cleavages and 
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brecciation also increase in intensity and frequency. Micro scale slip 
folding, thickening of sulfide beds, contorted bands or streaks of sul- 
fides, increase in grain size with recrystallization, and brecciation 
and veining are among the common features observed. Some high-grade 
coarse-grained galena and pyrite with sheared fibrous calcite and quartz 
"veins" probably reflect the ultimate tectonic deformation on the sul- 
fide ores. 


Some typical textures observed in hand specimens of ores are shown 


in Plate III-17. 
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PLATE III-16 


PHOTOMICROGRAPHS OF ORE SPECIMENS 
(REFLECTED LIGHT, OPEN NICOL, X38) 


Canex Placer's Main Zone 


Sample DDH6-234 


Interbedded framboidal pyrite (central) and diagenetic (recrystal- 
lized) subangular pyrite aggregates at both sides. Note carbon- 
aceous matter (medium grey) closely associated with diagenetic 
pyrite. Groundmass is very fine-grained clay mica (dark grey) and 
carbonaceous matter. 


Sample DDH6-274 


Disseminations of fine-grained sulfides (mainly sphalerite, very 
minor galena) in siltstone groundmass and remobilized and folded, 
thinly bedded sulfide layers of sphalerite (light grey) and galena 
(white); very minor pyrite grains. Note tectonic thickening of 
sulfide layers at right. 


Sample DDH29-418.5 


Laminated (bedding: top-bottom of photo) framboidal pyrite in 
siltstone groundmass (with very small carbonaceous matter). Dis- 
seminated sphalerite grains (central left, white) form "replace- 
ment" or "overgrowth" of pyrite. Minor quartz (medium grey) is 
associated with sphalerite. 


Sample DDH29-579.3 


Disseminated to poorly laminated sulfides (mainly sphalerite and 
minor galena) replaced or "overgrew" on tiny disseminated-bedded 
framboidal pyrite (obvious at right). Groundmass is mainly quartz 
(medium grey), calcite (dark grey thin needles or laths) and dis- 
seminated grains of clay mica (dark grey - black dots). Bedding 
is top-bottom of photo. 


Sample DDH32-168 


Thinly bedded roescolite (?) (white) and carbonaceous matter 
(light grey) in groundmass of very fine-grained clay mica, carbon- 
aceous matter and disseminated tiny framboidal pyrite. 


Sample DDH34-267 


Disseminated to poorly bedded sulfides (mainly sphalerite and minor 
galena) in siliceous (cherty) siltstone groundmass (quartz and 
minor clay mica). Thin laths of reoriented calcite (dark grey) 
replace sulfides. Bedding is left-right of photo. 


Sample DDH34-330A 


Disseminated to poorly bedded galena (white) and sphalerite (Sp) 
(at right of photo) in a groundmass of quartz (light grey), calcite 
and clay mica (both dark grey to black). Sulfides with partly 
fractured and faceted carbonaceous matters (light medium grey) were 
remobilized into a cleavage (at left of photo). Bedding is top- 
bottom of photo. 


Trench Sample T-19-1 


Laminated sphalerite (light grey), minor galena (white) and pyrite 
(Py, and in a sphalerite layer at extreme right of photo). Ground- 
mass is mainly quartz (dark grey) and clay mica (black). 
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PLATE III-17 


PHOTOGRAPHS OF ORE SPECIMENS 
(REFLECTED LIGHT) 


Howard's Pass District 


Sample DDH74-P-2-225': (Pas claims, Dynasty Explorations Ltd.) 


Slightly folded, finely laminated cherty siltstone containing re- 
mobilized streaks of sulfides (mainly sphalerite, minor pyrite, 
galena; pale grey at right and central top of photo) and coarse 
galena "lens'' (white, upper left). Note angular intersection of 
sulfide streaks to laminations. X38 ; 


Sample DDH74-P-1-144': (Pas claims, Dynasty Explorations Ltd.) 


Laminated cherty-siliceous siltstone containing tiny disseminated 
pyrite (white dots). A small folded calcite vein at upper right 
of specimen. X38. 


Trench No. 18: Placer's main zone, "north band" 


Thinly bedded cherty siltstone (faint laminations) and mobilization 
of sulfides (mainly sphalerite, minor galena and pyrite) along Sj 
cleavages (dewatering compaction cleavages ?). Some remobilized 
and sheared calcite (white) streaks. X38 


Trench No. 19: Placer's main zone, "north band" 


Thinly pedded cherty siltstone and remobilized streaks of sulfides 
(light grey in upper part of specimen) and calcite (white), X38. 


Trench No. 18: Pilacer's main zone, “south band’’ 


Tightly folded, laminated cherty siltstone and remobilized veinlets 
and streaks of sulfides (light grey) and calcite (white). Note a 
thicker "layer" of remobilized sulfides (mainly sphalerite) at 
right edge of specimen. X38 


— 
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Chapter IV 


CHEMICAL PETROLOGY 


A. INTRODUCTION 

Chemical analyses of major and trace elements in basalts, eclogites 
and their minerals from the Anvil and Frances Lake districts are presented 
in this Chapter. Petrogenetic interpretations and classifications are 
made following demonstration of characteristics of rocks and/or minerals 
in various correlation diagrams and the principles and validity of these 
diagrams are briefly discussed. 

Analyses and interpretation of many conformable volcanic rocks close 
in time and space to the ore deposits are useful in elucidating the nature 
of volcanism and its geological oe in the Anvil Range and Frances 
Lake districts. 

Eclogites from the Anvil Range district were analyzed in order to 
estimate metamorphic conditions and enable correlations to be made with 
Other eclogite terrains. The analytical results of whole rock eclogites 
and their minerals, and discussion on the original rock types and tec- 
tonic implication of the eclogites are presented in Appendix IV-l. 

Different methods were employed and therefore intercomparisons using 
mutual ae were made during various stages of the thesis work. 

The methods included Atomic Absorption Spectrometry (AA), Multiple radio 
frequency argon plasma emission spectrometry (MRFAPE), X-ray fluorescence 
Spectrometry (XRF), Induced Neutron Activation Analysis (INNA), and Elec- 
tron Microprobe Analyser (EMPA). AA and MRFAPE analyses were made by 
Barringer Research Ltd. of Toronto in the fall of 1975, XRF analyses were 
made by J. Holland of Oxford in 1974 through the kind arrangement GEER. 


St.J, Lambert; EMPA analyses were made by the writer at the University 
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of Alberta in the summer and fall of 1975; and INNA analyses of U and Th 
were made at McMaster University. Specific methods used will be mentioned 


in conjunction with the presentation of the analytical results. 


B. ANVIL RANGE DISTRICT 
1. Lower Paleozoic Volcanic Rocks 

Submarine volcanic greenstones occurring in the upper part of the 
Cambro-Ordovician strata appear to be conformable with the sediments and 
thus provide a key to the nature of volcanism ae hence geological set- 
ting of this period. 

Chemical analyses of major and trace elements in 12 "fresh" volcanic 
Tocks were made; analyses of major elements in 4 rocks were already pub- 
lished by Tempelman-Kluit (1972). These analyses are presented in Table 
IV-1. Locations of the specimens analyzed are shown in Fig. IV-1l. As 
can be seen from the intercomparison of specimen 67-28b, the methods em- 
ployed seem to yield major element results agreeable within analytical 
error, and therefore reported results from the two different laboratories 
are acceptable. The overall precision of the MRFAPE results is +3% for 
the trace elements (i.e. at <0.1% concentration level) and +2% for major 
elements at above 95% confidence level. 

Various criteria have been used to classify and distinguish volcanic 
rocks. The chemical procedures commonly used are various empirical chem- 
ical correlation and discrimination diagrams or normative mineral compo- 
Sitions of the rocks (particularly useful for fresh fine-grained rocks 
when petrographic criteria are unsuitable). The former are useful in 
Characterizing the affinity of the analyzed rocks in various boundaries 


Or fields defined by large numbers of chemical data, although one must 
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Chemical Analyses of Cambro-Ordovician Volcanic Rocks, 


TABLE IV-1 


Anvil Range District, Yukon 
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K20-1A K20-3A K20-3B K25-4 67-28 67-319 67-340C 

$i09 46.37 48.58 46.48 49.63 45.41 49.67 47.87 
Al 703 14.97 15.68 15.01 16.477 "15 569"416.,.81 15.59 
FeO Hoevot™ | 9 55 10.84 10.08 10.08 8.45 10.18 
MgO 8.52" 8.82 8.83 6.77 8.38 6.32 6.86 
Ca0 10.42 8.64 8.45 SET: 9.63 8.39 9.32 
Na20 290 2.63 3372 2.75 4.78 8505 2.68 
K20 0.87 0.93 0.21: 0.68 0.35 0.72 O257 
Ti09 1,73 1.08 1.92 172 1.36 1.61 2.45 
P05, 0.16 0.12 6.1820 9.16109 15 9.1 46 0.21 
Mn0* 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
CO2* 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
H20% 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Co 126 110 121 93 139 113 132 
Cr 875 575 625 203 2035 192 416 
Ni 449 176 239 58 630 120 161 
V 275 208 333 289 269 296 397 
Zn 208 160 200 167 205 278 191 
Ag 10 6 10 6 10 6 al 
Pb 65 60 20 <5 60 225 15 
Cu 32 32 164 it 248 114 125 
Sr 169 695 464 164 374 246 760 
Be a A 2 1 ul - a 
2x 89 89 114 103 59 119 148 
Nb 2 a s 2 18 7 
_* 0.5 - - 0.6 ~ - = 
Th** 2.8 = = ae - - - 


eA ee ee 


Analytical Method: 
Analyst: 


* Assumed contents (H20 and CO?: based on minimum values reported 
based on average of XRF results 


MRFAPE and AA 
R. Cruez, Toronto 


in Tempelman-Kluit (1972); MnO: 
and Templeman-Kluit's average). 


kk 


Induced neutron activation analysis (INNA, McMaster University). 
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TABLE IV-1 (cont'd) 


AiG b 


67-19b 67-37 67-403a 67-442b 67-28b 67-28b** 
$i02 46.35 45.70 46.99 5 pA ee iy Bc 47.52 
A1703 15,1293 15,782" 14236 14260" 9*= 12.06 12.41 
DFeO 10. 21"2"310.30°"" 10%58 1148 #-497,04 10.80 
MgO 8.31 7.93 8.21 8.20 9.08 8.95 
Ca0 di;20e" -*10s9e""Y 11% 53 9.44 9.49 9.06 
Na70 2.34 2.69 2.56 2701 4:43 4.06 
K20 0.76 0.20 0.30 0.10 0.10 0.20 
Ti09 1.09 1.20 1.28 2.10 Lo72 1.55 
P205 0.25 0.24 0.29 0.39 Oms2 0.20 
MnO 0.19 0.17 0.20 0.18 0.16 = 
CO2* 0.10 0.10 0.10 0.10 0.10 = 
H20% 4.00 4.00 4.00 4.00 4.00 4.00 
Ni 701 729 348 109 246 
zn 116 Dig 115 114 93 
Cu 256 137 142 48 96 
Ba 141 6 48 30 384 
Sr 384 211 331 470 241 
Rb 43 1 1 1 3 
Zr 86 132 127 193 141 
Nb 16 23 ya 34 20 
Y 11 16 15 18 20 
Urks 0.3 0.4 0.4 0.8 1.4 
The** 1.8 3.0 2.4 307 2.0 
Analytical Method: XRF 


Analyst: J. Holland, Oxford 


* Assumed contents (based on minimum values reported in Tempelman- 


Poaaet, 1972). 


**k MRFAPE analysis; water content assumed. 
**kInduced neutron activation analysis (INNA, McMaster University). 
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Si09 
A103 
Fe203 
FeO 
MgO 
CaO 
Na20 
K20 
Ti05 
P905 
MnO 
C02 
H20 


Analyses reported in Templeman-Kluit 
wet chem- 


TABLE IV-1 (cont'd) 


TK-A 


46.80 
14.90 
2.20 
8.80 
7.60 
6.50 
4.70 
0.20 
ui 
0 


LOS 


14 
0.26 
0.10 
4.20 


TK-B 


46 


=~ Oo Oo OO FY OO WOAH CO WY 


-20 
15. 
-20 
-60 
. 80 
- 60 
-90 
220 
60 
214 
43 
<0 
- 10 


40 


TK-C 


50 
.90 
50 
.20 
“50 
.80 
0 
40 
.38 
“1g 
.16 
.20 
90 


(1972); analytical method: 


ical analysis. 
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keep in mind that this type of classification is inherently limited in 
that it represents a synthesis of an existing body of data and there is 

no assurance that it can be applied universally. The normative composi- 
tion, especially the degree of silica saturation can be applied to any 
basaltic liquid, if the ambiguities that arise from the late stage or 
post-crystallization oxidation of iron can be resolved (Kay et al., 1970). 

(a) Chemical Correlations. Rock specimens analyzed were collected 
from widely separated locations and therefore are representative of 
Cambro-Ordovician basic volcanic rocks in the Anvil Range districts. 

The analyses vary little among all the rocks and are considered to rep- 
resent an overall chemical variation for these rocks. 

Chemical characterization of major series of volcanic rocks has 
recently been convincingly reunated by Miyashiro (1974, 1975). The 
total FeO/MgO ratio of residual magma increases at least in the early 
and middle stages of fractional crystallization in practically all ig- 
neous rock series; it may not increase in the late stage of some series. 
Hence, this ratio or parameters related to it may be used to represent 
the degree of fractional crystallization. Miyashiro has shown that in 
a typical tholeiitic series of volcanic rocks, FeO, TiO, (or Ti), and 
V content increases first and then, passing a maximum, begins to de- 
Crease with advancing fractional crystallization (that is, with increas- 
ing IFe0/MgO0). In a typical calc-alkalic series, these elements decrease 
monotonically and rapidly with advancing fractional crystallization. 

Cr, Ni contents of both rock series were found to decrease rapidly with 
advancing fractional crystallization. Using S.I. (solidification index 
of Kuno) as a degree of fractional crystallization, Kawabe (1974) shows 


that Ni, Cr, and Co contents in oceanic tholeiites and island arc basalts 
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behave in a distinctly different manner and thus can be used as an in- 
dicator in differentiating the two rock types. 

Other correlations are based on a similar principle, and use Ti as 
a common parameter. Pearce (1975) and Pearce and Cann (1973) suggest 
Ti-2r, Ti-Zr-Sr, Ti-Zr-Y and Ti-Cr correlations to discriminate among 
ocean floor basalts, "within-plate basalts", and island arc basalts (low 
K tholeiites, calc-alkalic basalts); Rhodes (1973) uses a P205-Ti09 plot 
to separate fields of oceanic ridge basalts, oceanic island tholeiites, 
and alkalic basalts; based on the generally low concentrations of Ti09, 
K90 and P90s5, Pearce et al. (1975) suggest the use of this ternary plot 
to distinguish oceanic and continental Cubeen eee basalts. 

In Fig. IV-2, FeO, TiO09, Ni and V contents are plotted against 
EFeO/MgO. Most of the analyses fall in or close to a field from which 
most of volcanic rock series originate and it is defined by a large num- 
ber of abyssal tholeiites from the mid-oceanic ridges (Engel et al., 1965; 
Melson and Thompson, 1971; Thompson et al., 1973, etc.). It is only fair 
to point out that there exists a large number of analyses of tholeiite 
rock series from island arcs, ocean islands, and even stable continents 
which are scattered in these diagrams and overlap this "abyssal tholei- 
ite" field. Therefore, in order to elucidate the real setting of the 
present rocks, we need to reduce and narrow down the variables of differ- 
ent geological settings. A general discussion and interpretation of 
petrogenesis for the rocks will be presented following the next section. 
In this section, stepwise chemical discriminations are made and their 


implications are proposed. 
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Fig. IV-3 shows correlation of Ni, Cr versus solidication index 
S.I. [where S.I. = MgO x 100/(MgO + total FeO + Naj0 + K20)] of the 
analyses; fields of large numbers of abyssal tholeiites and island-arc 
basalts are indicated (after Kawabe, 1974). Fig. IV-4 shows a distinc- 
tion between 2 major rock series: tholeiitic and calc-alkalic; all the 
analyses plot within the boundary of tholeiitic rocks. From these ron 
diagrams, it appears that most or all of the analyses have a strong af- 
finity with abyssal tholeiites and are distinctly not calc-alkalic. 

This impression is strengthened from a plot of the analyses in a A-F-M 
diagram as shown in Fig. IV-5. 

Plots of analyses using Ti-Zr-Y, Ti-Zr-Sr, tee reeade Ti-Cr diagrams 
are shown in Fig. IV-6; different fields of magma types are also indi- 
cated (after oe eG uvige 1973). In Ti-Zr-Cr plot, a magma type of 
"within-plate basalt" (ocean island or continental flood basalts) is 
implied; whereas in Ti-Zr-Sr plot, 8 out of 12 analyses plot in ocean 
floor basalt and low K90 tholeiite fields, and 4 plot in the calc-alkalic 
field. In the Ti-Zr and Ti-Cr diagrams, most of the analyses fall within 
Or close to the field of ocean floor basalts. It should be noted here 
that Sr (also Rb and K) can be highly affected by the process of altera- 
tion or greenschist facies metamorphism. Yttrium is generally enriched 
in minerals of late stage fractional crystallization (e.g. apatite), and 
Sometimes in ilmenite and magnetite (Cornwall and Rose, 1957); further- 
More, the regional variation of Y in basaltic rocks appear to be greater 
than interlaboratory variation, fractionation stage, or petrographic 
type (Prinz, 1967). Therefore, the first two discriminants in Fig. IV-6 
are subject to many Coupiicsted factors and uncertainties (see for exam- 
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both insensitive to alteration process (Cann, 1970; Pearce and Cann, 
1973) and enriched in the early and middle stage of fractional crystal- 
lization. Furthermore, a relatively consistent implication deduced from 
this correlation has been demonstrated by Pearce and Cann for Troodos 
‘volcanic rocks which were interpreted by Miyashiro (1973) to be island 
arc types. 

Distinction between oceanic and non-oceanic (continental) and among 

ocean ridge, oceanic island and alkalic basalts is attempted by using 
diagrams shown in Fig. IV-7. Most of the analyses fall in the oceanic 
basalt field in the ternary plot of TiO07g-K20-P905, whereas in the P205- 
TiO, diagram, most of the analyses again are distinctly related to ocean- 
ridge basalts. A study of deep-sea weathering Be cree by Hart (1970) 
indicates that the above three elements are lost to seawater in the order 
Ti > K > P, and weathered basalts tend to be enriched in K20. Pearce et 
al. (1975) also show that metamorphosed Baer basalts tend towards K50 
enrichment and leave the oceanic field in the TiO09-Kj0-P20, diagram. 
The four points that plot outside the "oceanic field" probably reflect a 
more pronounced effect of this complex change. But since the majority of 
the analyses fall within the oceanic field, the rocks are very likely of 
Oceanic basalt origin. 

(b) Normative Compositions. The CIPW and molecular (Niggli and 
Barth) normative compositions of the rocks are presented in Table IV-2. 
Since all of the rocks analyzed are metamorphosed greenstones, the total 
Water contents are preserved in the normative compositions and the sums 
are recalculated to 100% (Melson and Van Andel, 1966). The relative 
Proportions of normative minerals are, however, relatively constant even 


Without this recalculation. Partial reduction of Fe203 to 1.50 wt % has 
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Figure IV-7. Discrimination diagrams of Ti02-K20-P205 
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been adopted in calculating the norms so as to approximate "original" 
fresh abyssal tholeiites (Miyashiro et al., 1970; Kay et al., 1970). 

The relative proportions of normative diopside, hypersthene, and 
olivine of all the analyses are shown in Fig. IV-8a. Five analyses plot 
within the olivine tholeiite field, four at the transitional fields of 
olivine tholeiite-alkalic olivine basalt (Di-Ol join) and olivine thol- 
eiite-quartz tholeiite (Di-Hy join), five plot in the field of alkalic 
olivine basalt and two in quartz tholeiite. The basalts having a trace 
percent normative quartz would have contained no quartz when the oxidized 
iron (Fe*>) is adjusted for metamorphism or alteration, and an undersat- 
uration of silica for most rocks is inferred. Thus a complete transition 
from tholeiite to alkali basalts is. indicated for most of the analyzed 
rocks using the normative Di-Ol-Hy plot. A similar transition has been 
demonstrated for mid-Atlantic ridge basalts at 45°N (Kay et al., 1970) 
and for the Indian Ocean (Cann, 1969; Kempe, 1973). | The relative pro- 
portions of Di-Ol-Hy are evidently not sufficient to resolve these rocks 
from some other basalt occurrences - e.g. ocean island basalts also show 
a complete transition (Kay et al., 1970). 

Miyashiro et al. (1970) and Shido et al. (1971) have proposed the 
use of a P1(Abt+An) - Ol1(FotFa) - Px(DitHy) plot in characterizing magma 
Pcs of the abyssal tholeiites. Depending on the first mineral to crys- 
tallize, the rocks are eaited olivine- and plagioclase-tholeiites, re- 
Spectively; continued crystallization drives the residual liquids to the 
"cotective curve" between the olivine and plagioclase fields. Subsequent 
Cotective crystallization results in an increase of pyroxene and crystal- 
lization of clinopyroxene. a analyses are plotted in this normative 


P1-01-Px diagram as shown in Fig. IV-8b. Most of the analyses (right of 
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cotective curve) plot in or close to the field of olivine tholeiites, 
only two analyses in the plagioclase tholeiites (left of cotective curve). 
If this indication is valid, then the magmatic liquids of the tholeiitic 
rocks analyzed may have some diversities in chemical composition, which 
‘in turn are probably related to the depth of magma generation, extent of 
partial melting, liquid-solid separation mechanism, etc. (Shido et al., 
1971). 

Another way of comparing the relation between normative composition 
and degree of fractional crystallization is shown in Fig. IV-8c in which 
normative ratio of Ab/(Abt+An) is plotted against atomic ratio of Mg/ 


(NgtFe?* 


). Four analysis points plot significantly above the abyssal 
tholeiite field for mid-ocean ridges of the world, Bee most of the 
Other analyses plot within or close to the field. No distinct relation 
between degree of fractional crystallization and normative plagioclase 
can be detected, indicating that the magmatic teeag were mainly of an- 
other composition (i.e. olivine tholeiite). 

One of the most distinctive features of abyssal tholeiites is the 
Tange of ey ietbe atomic ratios: most mid-ocean ridge basalts have 
Berenee of 0.55 to 0.65, East Pacific rise basalts: 0.47 to 0.60, South 
Atlantic basalts: 0.68 to 0.71, and Caribbean Sea basalts: 0.52 to 0.65. 
The Mg/(Mg+Fe**) ratios of the Anvil greenstones range from 0.48 to 0.66 
(Table IV-2), well within the. renee of all mid-ocean ridge basalts. 

(c) Petrogenetic Discussion. Average composition of the Anvil green- 
Stones is compared in Table IV-3 with that of fresh, altered and metamor- 
Phosed basalts from the mid-oceanic ridges, geosynclinal basalts in Japan 


and Ethiopian Rift basalts. Most abyssal tholeiites from the mid-oceanic 


Tidges of the world typically contain very low K20, Ti0z and other large 
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TABLE IV-3 


Comparison of Cambro-Ordovician Basalts in 
Anvil Range District with Basalts from other Regions 


(1) (2) (3) CG) Eo eS) (6) (7) 
Si02 Bhei2Ons ptehes. {190 Li 3 49-428 46.9 47.84 47.3 
A1903 16 SMR She Bs eg Bees Jo aa Es Pa & 1540 13.41 14.1 
Fe 03 Rg) 0) 4,58 2693 Zi 39 Sep 10.96 Gi? 
FeO 7.92 6.05 ees Tees 8.6 7.3 
MgO TOM sa 6.38 8.24 8.524 629 9.95 6.0 
CaO at) ee lO.67'3 S204 510557 10.4 a bee Ss 10.8 
Na 0 3.09 Pipe a SRP, 2502 a50 LeLs Zso 
K90 9 ys 74 0.53 0.07 0.24 Loo Onze a has 
Ti09 a209 1.84 1 BA IS Hes 7:2 3.0 139 2.0 
P05 0.22 ORS PAS, O13 0.20 0239 0.08 0.4 
MnO 0.20 G29 0.14 O17 0.16 0.10 Oe 
C09 OV1L0 - - 3 - a z 
H20 4.00 2.049 Cr ae 1.00 0.8 3.24 1.45 


O97 56, 99752 -99.70) 99.92. 100.05. 100.387. 100.05 


a 


Average of 16 analyses, Cambro-Ordovician greenstones, Anvil 
Range District, Yukon. 


Average of 24 seafloor-weathered ridge basalts; Hart, 1970. 


Average of 5 greenstones, Mid-Atlantic Ridge, 22°N latitude; 
Melson, 1966. 


Average of 209 mid-oceanic ridge basalts; source - Hyndman, 
1972; Cann, 1969; Melson and Thompson, 1971; Kempe, 1973. 


Average of 178 alkali olivine basalts; Mason, 1967. 


Average of 52 spilitized greenstones ("Geosynclinal basalts", 
Axial Mikabu Zone, Japan); Hattori et al., BS tae 


Average of 25 basalts, Aden series, Ethiopian Rift Valley; 
Mohr, 1963. 
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ion lithophile (LIL) elements (Rb, Cs, Sr, Ba, Y, Zr, light rare-earths, 
Hf and U), low total iron, P20, and Fe903/FeO ratio (<0.4), high Ni, Cr, 
Co, CaO, Na/K > 10, olivine and plagioclase being common phenocryst phases 
whereas pyroxene phenocrysts are rare, and are usually olivine normative 
(i.e. plot within Di-Ol-Hy ternary). They are considered to have been 
derived from shallow mantle (low velocity zone) and experienced consid- 
erable olivine and plagioclase fractionation (Kay et al., 1970; Schilling, 
1973). On the other hand, tholeiitic and alkali olivine basalts from 
ocean islands and aseismic ridges (e.g. ninety East Ridge, Indian Ocean) 
have higher LIL elements and some have higher FeO (>13%), TiOg (>2.2%), 
K90 (>0.4%) and Po05 (>0.25%). Intermediate to "acidic" rocks ("oceanic 
andesite", Si09: 55-60%) are frequently encountered, and have higher 

Sr /sr°® than mid-oceanic ridge basalts. Schilling (1973) has suggested 
that a rising deep-mantle plume as a magma source for the LIL element 
enriched, more ateesiue-etted tholeiitic rocks from the oceanic island 

and aseismic ridge (collectively termed island tholeiites), whereas O'Hara 
(1973) proposed two fractional crystallization processes for causing large 
LIL element abundance changes without large changes in major element com- 
Position of the residual magma: (1) low-pressure fractionation of oli- 
vine, plagioclase and clinopyroxene for abyssal tholeiites and (2) high- 
Pressure fractionation of garnet and clinopyroxene for seven tholeiites. 
Another model involving al cer ent degrees of melting at different P and 

T to derive two basalt types from the same source has also been suggested, 
but it is inconsistent with major element abundances (Green, 1970) and 
Would require isotopic fractionation during partial melting (Peterman and 
Hedge, Bayly. TRE two bigs are not mutually exclusive, since garnet 


fractionation could be an important process for magmas originating from 
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a deep-mantle plume. However, any model appealing to fractional crys- 
tallization (or partial melting) of a homogenous source to derive basalts 
with similar major element abundances but very different LIL element 
abundances must involve a special set of conditions; it seems unlikely 
that the required multiphase fractional crystallization could consis- 
tently develop two distinct basalt types (Frey ae cy eae By 3 Ns 

‘Major and trace element data for the Anvil greenstones, in conjunc- 
tion with the normative composition, indicate a strong affinity to aby- 
ssal tholeiites of mid-ocean ridge systems. Uncertainty in assigning 
some analyses to alkali olivine basalt may be due to the fact that even 
low temperature alteration (seafloor weathering and halmyrolysis) can 
convert a LIL element depleted abyssal tholeiite to alkali olivine ba- 
salts by marked increases in alkali metals, Sr, Ba, and light rare-earth 
elements (Hart, 1970; Thompson, 1973). In addition high-T alteration 
was probably operative after the consolidation of the Anvil basalts. 
Recent studies on the effect of low temperature alteration also show that 
loss of Ca, Mg, Si and gain of euge K, H50, Pb, Cu, U with essentially 
no change in Sc, V, Cr, Co, Ni, Y, Ti, Zr, Hf, and heavy rare-earth ele- 
ments take place (Hart, 1970; Aumento, 1971; Thompson, 19735 Erey et al.; 
1974). A study of 5 greenstones dredged from the mid-Atlantic ridge at 
22°N latitude by Melson indicate a similar trend of chemical exchange 
during low-grade regional metamorphism, even though a more complex pro- 
cess of elemental exchange may have been superimposed. The chemical 
effects of high temperature seawater interaction (hydrothermal altera- 
tion), late magmatic deuteric alteration and metasomatism, and low-grade 
burial metamorphism on anvesal tholeiites are not clear at the present 


level of knowledge although the formation of albite, epidote, chlorite, 
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calcite, and actinolite in greenstones or spilites thought to be of 
abyssal tholeiite origin was widely cited as being a result of low- 
grade regional metamorphism (Coombs, 1974; Battey, 1974; Melson, 1966; 
Yoder, 1967). 

The striking similarity in major chemistry of the Anvil greenstones 
with seafloor-weathered mid-ocean ridge basalts reported by Hart (1970) 
is very interesting, and also to a lesser extent, is the similarity with 
the greenstones from mid-Atlantic Ridge. In this connection, the deple- 
tion in K50, Ti09, Fej03 and enrichment in MgO of the Anvil greenstones 
relative to alkali olivine basalts are just the opposite of the altera- 
tion trend and are difficult to explain if most of the Anvil greenstones 
were originally of alkali olivine basalt composition. High LL Na ek 
abundances in addition to OS ar rey eee are characteristics of 
alkali olivine basalts from ocean islands and adjacent regions (Frey, 
1970). 

Basalts with high Alj,03 have been considered to be derived from less 
differentiated magmas by fractional crystallization of olivine (Green and 
Ringwood, 1967; O'Hara, 1968; Kushiro, 1973). This mechanism requires 
decreasing Mg/(MgtFe*-) as Alo03 increases. This correlation is not ob- 
Served in such a plot as shown in Fig. IV-9a. Possible fractionation 
Paths with percentages involved are indicated in the figure, and it can 
be readily observed that removal (crystallization) of approximately equal 
amounts of olivine and plagioclase from a less differentiated, "primary" 
magma (Frey et al., 1974) can produce most of the Anvil basalt composi- 
tions. Most mid-ocean ridge basalts are now considered to have been de- 
tived from a relatively undifferentiated, "primary" basaltic magma that 


has undergone only limited olivine fractionation through fractional crys- 
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tallization of olivine and plagioclase, and occasionally, clinopyroxene 
(Miyashiro et al., 1970; Shido et al., 1971; Kay et al., 1970; Frey et 
ale, 1974; Bance et al., 1975). The implication deduced from Fig. IV- 

9a confirms this view and points to a similar type of magma source and 

crystallization process. The limited extent of fractional crystalliza- 
tion of olivine and plagioclase in magmatic liquids of the Anvil rocks 

can be deduced from the following observations: 

(i) Relatively constant ratio of Movers ee or total Fe0/Mg0 
which is an index of the degree of fractional crystallization (Miyashiro 
ietyal., 1970; Shido et al., 1971; Miyashiro, 1973). 

(ii) Lack of positive correlation between May (Metre -} and Zr or 
Y which is an element most readily accommodated in the crystalline 
phases of olivine, plagioclase or chromitite and is enriched in residu- 
al liquid in direct proportion to decreasing liquid fraction (Fig. IV- 
9b). 

(iii) Relatively constant to slight increase in TiO, and total 

FeO values over a narrow range of total FeO/MgO ratios suggesting no 
Significant Fe-Ti oxide fractionation in a primary magma and a low 
Oxidation condition of fractional crystallization as is characteristic 
of most abyssal tholeiites (Shido et al., 1971). 

| It i concluded that the Cambro-Ordovician greenstones in the Anvil 
Range district most likely extruded on an ocean floor either as mid- 
Ocean ridge abyssal tholeiites or transitional tholeiites typical of the 
tegions close to ocean islands or aseismic ridges. The rocks were prob- 
ably associated with a continental rifting or separation which took 
Place during late Proterozoic and Cambrian. Transitional tholeiites 


and some alkali olivine basalts probably were emplaced in an off-ridge 
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- axis volcanism or as chains of elevated volcanoes formed by a central 
eruption volcanism away from the ridge axis. The similarity between 
modern alkali olivine basalts and Ethiopian Rifts basalts may be noted 
in this connection (see Table IV-3, columns 6 and 7). Basalts from 

the axial trough and volcanic islands of the Red Sea have a composition 
range between typical mid-ocean ridge abyssal tholeiites and alkali 
olivine basalts or "island tholeiites" (Chase, 1969; Coleman et al., 
1973) whereas those in the Ethiopian and African Rift Valleys or along 
Saudi Arabia Coastal Plain away from the Red Sea axial trough are don- 
inantly alkali olivine basalts (Coleman, 1973; Saggerson and Williams, 


1964; Mohr, 1963). 


C. - FRANCES LAKE DISTRICT 
1. Lower Paleozoic Volcanic Rocks. 

Foliated massive greenstones form two or three layers in the 
middle part of a thick metasedimentary sequence of Middle to Upper 
Cambrian age (Chapter III). Three samples from the upper layers were 
collected from separated localities in the northern and southern Simp- 
son Tower area west of the East Arm Frances Lake (Fig. IV-15). 

Chemical analyses together with normative compositions are pre- 
sented in Table IV-7. Precision and reliability of the analyses have 
been mentioned previously (ane Table IV-1). 

The distinctive features of the Frances Lake greenstones are high 
mMa20, K20, Ba, Rb, U, Th, low A1203 and total FeO, nepheline normative 
and silica-undersaturated. Minerals observed are sodic plagioclase 
(oligoclase and/or albite), on hornblende, chlorite, minor quartz, 


sphene, ilmenite and rare biotite and volcanic glass (?). 
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Figure IV-15. Locations of volcanic rock samples, 
Frances Lake district. 
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TABLE IV-7 


Chemical and Normative Compositions of Greenstones of the 
Frances Lake District 


FL-5 
Si09 49, 
A103 10 
FeO 9 
Ca0 10 
MgO 9 
Na90 7 
K20 0 
Ti02 1 
P905 0 
MnO 0 
S su 

100. 
Ba 678 
Nb 9 
Zr 120 
x 14 
Sr 179 
Rb 38 
Zn 286 
Cu L17 
Ni 276 
Cr xX 
Co X 
V X 
Pb X 
Ag X 
Be 7 
U X 
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TABLE IV-7 (cont'd) 


FL-551 FL-562 FL-568 
(1) (2) (1) (2) (1) (2) 
Or eos a gree Seme 26. 12 210 Selby 2 as 
premio 83 16012— 30793 32.12 27.93: 28.69 
An 0 0 G-33 "6.39 PHOO 2052 
Wem 0829 OG; Tiles Ostong! 262 (913294 15.08 17.16 
Ac 4.34 4.01 0 0 0 0 


Mt 0 0 BIB? 91.54 Pet Be el, 52 
Il 322747 2).30 3.55 2.55 1586. 32 
Ap 0.67 0.58 6537 70533 0.44 0.39 
Po 0 0 0 0 Cell sols 
Ns Wa26bn Las 0 0 


C1)..C: I.-P «Wa Norms. 


(2) Molecular Norms. 


Norms and Me aden calculated assuming Fe 903 = 
PeoO Wt. 


X: not analyzed; -: not detected. 


188 


= : - ne war 
, v : cs "fe geal Can 
(b' tmoo) Xn¥E AMMAR ie 
3 iy a A r 
ir ah ; ; 
: . “ie 7 oer 
: oe hl ME eS alee ren or 
we u we ji : 


g52-N9 “Soe . Leet i < 


Ge GP Gente GY Oe ee 
Tee or ae eae 
eat re. Ts hse £0.68 ™ sriat’) ef 
wr wt” Ue ee 8 o. 
aE,fk S0.2f  d@.Ok. MEEK  O8.AG BORE 
Ee d.. et eo a Ae 
caus Of.08 | SFL@k OF0F  @8.RE FORAY 
cage geth 2 ete | ent. Ore 
ce. Bis ais) eh) a) Cee 
cet «a8. Uae. BE OEE vS.8 
ec.0 thio! Seco’ SeG eee “Reem 


; mast ail ne ‘7 
“e250 °° He ~o Mi wk 0 


~ 


Rae OG ee ee a QUE . 8eS _ 


-serrov ‘ Biie ?. ya \. 


; : o) naam 
- = pGpat aetna peistiolsd- Cotta an Sas a 


a : 


“+ Ybedgigdot ton -3- :Beyinet Jom 7 


% yt 
oh rs . 
i 
\. : " , tes on 
” ed = - a 
; any 
©€ = ~ 4 ear ; 
- 7 ‘5 ; 
= & z 
sa oe ae 
>» 
: gat 
t ae », noe: 
7 = ° is - bs . ar me 4 a 
ff Se 
ov ; ca! 
Shige © ete po ae : 
- 
J 
i] - 7 
= “ - Se iby i? 
~ : as ¢ 
a) - Ue 
: . acre 4 4 J eee 
. Ba oD, ly nl Ses Se > a wa: 
eA ’ i ' 


189 


Chemical correlations using similar discrimination diagrams as for 
the Anvil greenstones reveal the following: 

1. When Na20 + K20 are plotted against Si02 (Fig. IV-16), the anal- 
yses appear to lie in between two undersaturated differentiation trends, 
close to mugearite and hawaiite compositions. The two trends are alkali 
basalt + Peachyte and trachybasalt > phonolitic trachyte. The Pranees 
Lake greenstones are only moderately differentiated as indicated by the 
positions of the analyses Bene the trends. 

2. When Zr, Cr and Sr are plotted against Ti (Fig. IV-17) the anal- 
yses have an affinity to oceanic basalt, but also plot in the low potas- 
sium tholeiite field (Fig. IV-17b). 

3. When total FeO, TiO», Ni and V contents are plotted against total 
Fe0/Mg0 (Fig. IV-18), and P9205 ae eitet TI0o/( Fig. IV-19), the analyses 
invariably fall in the field of abyssal tholeiites. This again empha- 
sizes the relatively undifferentiated nature of the greenstones, presum-— 
ably subjected to limited olivine and titanomagnetite crystal fractiona- 
tion. 

The Frances Lake greenstones are thus a group of volcanic rocks that 
are silica-undersaturated, nepheline normative, alkali basalts to tholei- 
ites with a strong oceanic affinity. The relatively high concentra- 
tions of Ba, Rb, Na and high (Ort+Ab)/An ratios, on the other hand, 
indicate a moderately differentiated nature. 

Parental magmas of the ocean islands and related regions are widely 
believed to have diversified compositions - nepheline-normative alkali 
basalts, olivine .tholeiites, undersaturated peralkaline basalts (basan- 
ites, nephelinites) and potassic alkali basalts, in decreasing order of 
abundance (Carmichael eft al;, 1974). Similarly Pb and Sr isotopic var- 


lations among ocean island basalts have also been widely recognized 
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Fig. IV-17. Discrimination diagrams of Ti-Zr, Ti-Zr-Sr and Ti-Cr. 
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Fig. IV-18. Discrimination diagrams of =Fe0, Ti09, Ni and V 
vs. 2FeO/Mg0. 
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(see Hedge, 1966; Hedge and Peterman, 1970; Tatsumoto, 1966a, b; Gast 
et al., 1964; McDougall and Compston, 1965; Moorbath and Walker, 1965). 
Likewise, there is a high concentration of large ion lithophile (LIL) 
elements (K20 = 3-5%; Rb = 30-100 ppm, Ba = 300-800 ppm, Sr = 500-1000 
ppm, Rb/K = .002, Ba/Sr = 0.5 to 0.9) in alkali basalts of ocean islands 
(Engel et al., 1965). 

Chemical and mineralogical data thus suggest that the greenstones 
from Frances Lake district strongly resemble alkali basalts in regions 
. on or close to oceanic islands, and represent a group of rocks that 
were subjected to mild differentiation by fractional crystallization of 
olivine, plagioclase and clinopyroxene which gave rise to enrichment in 
Na90, K20 and depletion in Mg relative to Fe. Dierereneiarton by frac- 
tional crystallization and possibly other processes in shallow reservoirs 
at the base of or immediately below the crust has been suggested as pos- 
sible mechanism of oceanic island basalts (Carmichael ‘et’al., Chapter 8, 
1974). 

Comparison of the lower Paleozoic Anvil and Frances Lake greenstones 
reveal that the former are mainly olivine normative with slight silica- 
Saturation, abyssal tholeiites whereas the latter are nepheline-norma- 
tive, strongly undersaturated, sodic alkali basalts with high concen- 
trations Sf Bea, Rb, U, Th. “Engel fet al... (1965) and McBirney and Gass 
(1967) noted a decreasing degree of silica saturation with increasing 
distances from the mid-ocean ridge axis, i.e. silica-saturated tholei- 
itic Besulte are mainly developed over deep ocean floor and ridges 
Whereas alkali basalts are largely confined to the upper parts of the 
higher submarine volcanoes and oceanic islands. Likewise Aumento (1967, 
1968) has observed that abyssal tholeiites with normative olivine occur 


Mainly in median rift valleys, high Al olivine tholeiites on crest walls, 
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and a region transitional to alkali basalts on crests away from the rift 
valleys. If an analogy can be made, then the volcanic rocks of Cambro- 
Ordovician age in the Anvil-Frances Lake districts were probably erupted 
in a mid-ocean ridge to.ocean island environment as continental separa- 
tion occurred over an extended period from late Proterozoic to lower 
Paleozoic time. The situation is comparable to the Red Sea rift zone, 
associated volcanic islands and adjacent continental rift valleys where 
abyssal tholeiites transitional to alkali olivine basalts occur. 

The cause of this regional variation in compositions away from mid- 
oceanic ridge probably lies in the different levels of partial peteiee 
at Low Velocity Zone. Melting below the oceanic ridge generally occurs 
at shallower level due to the elevation or "doming" of Low Velocity 
_ Zone, whereas away from ridges melting occurs in deeper level of the zone. 
Higher geothermal gradient and higher degree of melting at shallow depths 
(20-60 km) are required to produce parental magmas of oceanic tholeiites; 
on the other hand, oceanic island volcanism is generated by undersaturated 
magmas or their derivatives with a source region in the Low Velocity Zone 


(Green, 1972, Fig. 7). 
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Chapter V 


CHEMICAL COMPOSITIONS OF ORES AND GANGUES 


A. INTRODUCTION 

Chemical compositions of sphalerites, pyrrhotites, barites, carbonates, 
sulfosaits and bulk ore samples from Anvil, Frances Lake and Howard's Pass 
ore deposits are presented in this Chapter. The mineral and bulk ore anal- 
yses are used not only to characterize each deposit, but also to estimate 
certain pertinent features of either depositional or metamorphic/deforma- 
tional conditions and to provide basic data for later considerations of 
solubilities and related problems (see Chapter VIII). 

Analytical methods, corrections and computational procedures for these 
analyses are indicated in conjunction with the presentation of chemical data, 


and readers are referred to appendices for detailed accounts. 


B. ANVIL RANGE DISTRICT 

Selected samples of pyrrhotite texturally associated with sphalerite, 
Pyrite and/or carbonates were analyzed for Fe, S, Ni, Co, Cu and Mn by 
electron microprobe using an energy dispersive detector. The results rep- 
Tesent 10 to 15 spot counts of an average of 5 grains per sample with a 
total counting period of 500 seconds or more. Operating conditions, stan- 
dards used, standard-sample analytical sequence and computer programs used 
for correction are given in Appendix V-l. 

Chemical compositions of pyrrhotite samples from Faro, Grum, Vangorda 
and Swim Lakes ore deposits are listed in Table V-1. Calculation of molec- 
ular Percents of all solid solutions and stoichiometry was done using an 
program MOL (Appendix V-2). 
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As emphasized by Scott (1974), the Fe-S system is a cornerstone for the 
understanding of phase relations and thermochemistry of many other important 
systems including Zn-Fe-S, Cu-Fe-S, Fe-Ni-S and Fe-As-S. Pyrrhotite is in 
fact a complex phase in which the Fe/S ratio varies by omission of Fe from a 
NiAs type structure. Between its maximum melting temperature of 1190°C and 
308°C, the full width of the pyrrhotite phase field is occupied by a single 
solid solution, Fej_,S (Hexagonal pyrrhotite), in which iron vacancies are 
randomly distributed in the cation sites of the NiAs (1C) structure (Arnold, 
1971; Kullerud, 1967). At lower temperatures, the work of Nakazawa and 
Morimoto (1971), Scott and Kissin (1973), Kissin (1974) has shown that iron 
vacancies become increasingly ordered with decreasing temperature and various 
superstructures occupy the pyrrhotite phase field (Fig. V-1). This figure 
indicates that for most naturally occurring pyrrhotites at lower temperatures, 
monoclinic pyrrhotites (Fe7Sg) occupy most of the pyrrhotite phase field and 
grade into ordered "hexagonal" pyrrhotite at slightly higher temperatures or 
Fe atomic percents. 

The Anvil ore deposits were subjected to low grade greenschist facies 
tegional metamorphism and some thermal metamorphism. The metamorphic effect 
is believed to be strongest at Faro, and it decreases as one goes southeast 
to Grum, Vangorda, and Swim Lakes deposits (Tempelman-Kluit, 1970b). Occur- 
fence of pyrrhotite (and marcasite) in these deposits is probably related to 
regional metamorphism through the reduction of pyrite, and is especially 
enhanced by thermal metamorphism near intrusive contacts (see Chapter III). 
As will be shown later, however, formation temperatures of these deposits as 
deduced from the studies of fluid inclusions and sulfur isotopes are generally 
between 170 and 250°C. It is not known whether the lower temperature limit 


of 8reenschist facies metamorphism can extend below 250°C at reasonable 
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Fig. vV-1. 


Temperature vs. atomic % Fe showing 
phase relationships in the central 
portion of Fe-S system below 350°C 
(after Kissin, 1974). 
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crustal pressures and geothermal gradients. Hyndman (1972) suggests that 
common regional metamorphism ranges from about 300-400°C to 700-800°C, and 
from about 2 or 3 Kb to 8 Kb. At 2 Kb, the corresponding temperature of 
the low-medium pressure metamorphism is about 300°C (Miyashiro, 1972). If 
250°C is taken to be the temperature at which most pyrrhotite last equili- 
brated with other mineral phases, it is evident from the range of Fe atomic 
percents (Table V-1) and Fig. V-1 that Anvil district pyrrhotite except for 
samples V35-153 and V18-120 are monoclinic, while the exceptions appear to 
be ordered "hexagonal" pyrrhotite or a mixture of ordered "hexagonal" pyr- 
rhotite with mono iid pyrrhotite. On the other hand, if 300°C is taken 
as the metamorphic temperature at which pyrrhotite last equilibrated, then 
all the pyrrhotite would be classified as ordered "hexagonal" pyrrhotite. 
Arnold (1967, 1969) and Yund and Hall (1969) reported 47.3-47.5 atomic % Fe 
for the lower (sulfur-rich) limit of hexagonal pyrrhotite and metastability 
of monoclinic pyrrhotite at 290-308°C. The compositional variation (Fe/S 
ratio) in the Anvil pyrrhotite probably reflects either metastability or a 
slow rate of breakdown at lower temperatures (Yund and Hall, 1969). 

The Paty value of the Fe-S system is in understanding the thermochem- 
istry, particularly the relationships among pyrrhotite composition, temper- 
ature, pressure and activities of FeS and $2. For the reaction representing 
the sulfidization of pyrrhotite to pyrite or reduction of pyrite to pyrrho- 
tite—2FeSy = 2FeS + Sy, the pyrite-pyrrhotite solvus and the variation in 
activity of FeS(apes, related to stoichiometric FeS at the same temperature) 
Can be expressed as functions of temperature and fugacity of sulfur (fg5). 
Increasing pressure on the pyrite-pyrrhotite solvus causes only a small 
increase in apes, fSo» and the position of the solvus (Toulmin and Barton, 


1964; Barton and Skinner, 1967; Scott, 1974). Since most published figures 
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on the above-mentioned phase relationships are calculated at one atmosphere, 
yet most ore-forming processes take place at pressures greater than one at- 
mosphere, it is interesting to investigate the effect of higher confining 
pressure on the location of the pyrite-pyrrhotite solvus. For Anvil pyr- 
rhotite, lower limit of confining pressures (see next section on sphalerite 
geobarometry) is in the range of 2-2.5 Kb; a diagram depicting the variations 
in ages, location of the solvus, and boundary of monoclinic and hexagonal 
pyrrhotite as functions of temperature and fs at’ 2.5 Kbwis shown inifig. 
V-2. 

The fugacities of sulfur at which the Anvil pyrrhotite last equilibrated 
can be estimated from the locales of the pyrite-pyrrhotite solvus and the 
monoclinic-hexagonal pyrrhotite phase boundary at specific temperatures 
Meee V-2). At 250°C, -Icg fg, ranges between -12.5 ~ -13.5, whereas at 300°C, 
log fs. ranges between -10.3 ~ -10.7. The py-po solvus is consistent with an 
4feg isopleth of about 0.3 at these temperatures. 

The relatively high concentrations of Co (average 780 ppm) and Ni (aver- 
age 1130 — and low average Co:Ni ratio (<1) in the Anvil pyrrhotite con- 
trast with pyrrhotites from Precambrian massive sulfide ores which have high 
Co, low Ni and Co:Ni ratios well over 1 (Roscoe, 1965; Hawley and Nicol, 


1961; Farkas, 1:97 3), 


2. Sphalerite 


Forty-one samples of sphalerite texturally associated with pyrite, pyr- 
thotite and/or carbonate minerals were analyzed for Zn, Fe, Cd, Mn, Co and 
S. Cu is not detected. Analyses were made by electron microprobe using an 


®Nergy dispersive detector and wavelength dispersive detector (for Cd, Mn). 


Similar counting rate and period as for pyrrhotite was employed, and details 
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Fig. V-2. 
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Sulfur fugacity vs. temperature diagram showing 
variations of the activity of FeS in pyrrhotite 
and pyrite at 2:5 Kb. Positions of solvuses and 
the monoclinic-hexagonal pyrrhotite phase boundary 
are estimated from the data of Toulmin and Barton 
(1964) and Miyazaki et al. (1974), respectively. 
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on operating conditions and standards are given in Appendix V-l. 

Chemical compositions of sphalerite samples from Faro, Grum, Vangorda 
and Swim Lakes ore deposits together ae calculated mole percents of all 
solid solutions and stoichiometry are given in Table V-2. APL computer 
program MOL was used for the calculation. Fe, Zn and Mn contents in a 
total of 39 sphalerite grains were scanned and 7 X-ray photographs were 
taken by microprobe; our examples of these scanning traces and photographs 
are shown in Fig. V-3 and Plate V-l, respectively. No evidence of zoning 
or discrete FeS-rich patches were detected. The Fe, Zn and Mn contents 
change over very small distances and reflect small irregular inhomogeneities. 
An overall compositional uniformity is, however, obvious on a small grain 
sample scale. FeS contents of sphalerites in both sp-py-po and sp-py assem- 
blages appear to have a minima near the central part of the sulfide layer 
in Faro (cf. DDH 66-2, DDH 66E9, and DDH 67-6) and a decrease with depth 
but with a repetition near tHe central part in the Gram deposit (cf. DDH 
A-10). No regular variations with depth can be detected. 

Sphalerite is one of the most refractory sulfides (Barton, 1970) and 
displays a wide range of Fe contents as a function of conditions of forma- 
tion (Kullerud, 1953; Barton and Toulmin, 1964; Toatndn and Barton, 1966; 
Scott and Barnes, 1971; Scott, 1974); it therefore may be useful in indicat- 
ing environments of sulfide deposition or deformation. Kullerud (1953) 
Proposed the use of Fe content in sphalerite coexisting with pyrrhotite as 
4 geothermometer but he based this on an incorrect assumption that FeS 
activity of pyrrhotite did not depart appreciably from unity. The original 
Concept of sphalerite geothermometry is probably invalid. However, the 
Tecent advances in the knowledge of phase relations in Fe-Zn-S system both 


above and below 300°C (Barton and Toulmin, 1966; Scott and Barnes, 1971; 
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Fig. V-3. Electron microprobe X-ray scanning traces of 
sphalerite grains, Anvil Range district. 
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Kissin, 1974) make it possible to estimate pertinent thermochemical infor- 
mation, such as fugacity of sulfur, pressure and equilibrium temperature. 

(a) Pressure and Fugacity Estimate. In a system in which activity of 
FeS is buffered by pyrite and pyrrhotite, sphalerite becomes less FeS-rich 
with increasing pressure because the partial molar volume of FeS in sphal- 
erite is larger than that of ZnS (Barton and Toulmin, 1966). This change 
of sphalerite composition on the pyrite-pyrrhotite solvus over a wide range 
of Srreratures and pressures has been estimated by Scott (1973) , and Scott 
and Barnes (1971). A temperature-sphalerite composition diagram with pyrite- 
pyrrhotite solvus isobars derived from their work is shown in Fig. V-4. 

Inspection of Table V-2 reveals that sphalerite compositions are var- 
_iable when only pyrite is present but show much less spread in FeS mole 
percent when pyrite and pyrrhotite are both present. The three phases are 
generally assumed to be in equilibrium during deposition or metamorphism 
under the influence of apes buffer (Scott, 1974). Other components such as 
Co, Ni, Cd, Mn and Cu are unlikely to have much of an effect on the phase 
telations in Fig. V-4. The slope of the 2.5 and 5.0 Kb isobars probably 
remains vertical below 300°C until they encounter the slope reversal of the 
PY-po solvus or the stability field of monoclinic pyrrhotite at aouut 250°C, 
The 7.5 Kb isobar may show curvature below 600°C, but may also be vertical 
if more Fe cncnts are conducted; its slope is not fully resolved at pre- 
sent, 

Pressure estimates of the sphalerite-pyrite-pyrrhotite assemblage of 
the Anvil ore deposits are made from Fig. V-4 using data for mole % FeS 
in sphalerite from Table V-2. The results are shown in Table V-3. The 
Tange of pressure estimates is consistent with the low-medium greenschist 


tacies metamorphism and deformation history discussed before. Generally 
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Fig. V-4. Sphalerite-pyrite-pyrrhotite solvus isobars as 
functions of temperatures and mole % FeS in 
sphalerite. Solid lines: experimental curves, 
dashed lines: calculated curves (in bar unit) 
(after Scott, 1973; Scott and Barnes, 1971; 
and extrapolations). 
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TABLE V-3 


Pressure Estimates of Anvil Ore Deposits by Sphalerite 


Geobarometry 
Pressure (Kb) Estimated Pressure (Kb) Estimated 
from Calculated Isobars from Experimental Isobars 
Ore Deposits (Scotts 1973) (Scott, 1973) 
(300°C) (2502C) (300°C) 
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speaking, maximum pressures of 4.5 Kb are considered to be representative 
of metamorphic pressures asserted on the Anvil ore deposits if temperature 
reached 300°C. 

Composition of sphalerite in equilibrium with pyrrhotite, pyrite + 
pyrrhotite, and pyrite can be expressed as a function of fugacity of sulfur 
and temperature at elevated pressures if the pressure effect on the sphal- 
erite-pyrite-pyrrhotite solvus is taken into consideration. Higher pressure 
generally shifts the solvus to lower FeS contents and slightly higher sulfur 
fugacity at constant temperature (Barton and Toulmin, 1966; Scott, 1974). 

A sulfur ee fein cuarure diagram showing sphalerite compositions at 

2.5 Kb has been constructed and shown in Fig. V-5. The sphalerite-pyrite- 
pyrrhotite solvus lies in the 10-20 mole percent FeS range below 700°C and 

is almost parallel to the 10 mole percent FeS isopleth between 300 and 200°C. 
Over the range of mole percent FeS in the Anvil sphalerite, the correspond- 
ing log fs range estimated from Fig. V-5 lies between -10 to -11.5 at 300°C, 
Bage-12.5 to -14 at’ 250°C. These sulfur fugacity values agree very well 

with those estimated from the pyrrhotite-pyrite solvus in Fe-S system, in- 
dicating that apes Was indeed buffered by pyrite and pyrrhotite and the 
SP-py-po assemblage, where occurring, was by and large in equilibrium during 
the last metamorphism. 

(b) Equilibrium Temperature. Sphalerite-pyrite-pyrrhotite equilibrium 
is difficult to attain at low temperatures (below 300°C) in the laboratory; 
but Scott and Kissin (1973) and Kissin (1974) have postulated the phase re- 
lations for the Fe-Zn-S system below 300°C at 1 bar on the basis of a few 
*xperimental points, analyses of natural sphalerites from low temperature 
assemblages and knowledge of the Fe-S system. The pressure effect on these 


Phase relations below 300°C can be estimated by assuming a pressure coef- 
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Fig. V-5. Sulfur fugacity-temperature diagram showing mole % FeS in sphalerite 


@auc.. Kb. 


Positions of solvuses and monoclinic-hexagonal pyrrhotite 


boundary are estimated from data of Barton and Toulmin (1966) and 
Miyazaki et al. (1974), respectively. 
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Fig. v-6. Phase assemblages of Fe-Zn-S system below 300°C as functions of 


temperature and mole % FeS in sphalerite. 


Pressure effect of 2.5 


Kb is indicated by the dash-dot-curves shifting to the right 
(after Scott and Kissin, 1973). 
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ficient of 7°C per Kb on the sptpytpo (monoclinic) phase boundary and that 
pressure effect on sptpytmonoclinic po solvus below 300°C is of similar 
order of magnitude to that on sptpythexagonal po solvus above 300°C (Scott, 
1975, oral communication). Phase assemblages of the Fe-Zn-S system below 
300°C and at 2.5 Kb as functions of temperature and mole percent FeS in 
sphalerite are shown in Fig. V-6. The phase boundary between sptnonoclinic 
Me snd sptordered "hexagonal" po at this pressure is not clear, presumably 
it might shift to the right (lower FeS content) but the magnitude involved 
is unknown due to lack of experimental evidence even at 1 bar. It is evi- 
dent from Fig. V-6 and Table V-2 that over the range of the Anvil sphalerite 
compositions, both sptpy and sptpyt+tpo assemblages were equilibrated at a 
temperature of about 280°C at 2.5 Kb confining pressure during the last 


metamorphism or thermal event. At higher confining pressure (e.g. at about 


4-5 Kb), the assemblages probably existed at a metamorphic temperature of 


300°C, 


Barite coexisting with sphalerite, galena and pyrite occurs extensively 
in Faro, Grum, Swim Lakes and possibly Vangorda ore deposits (see Chapter. 
TIT), re ciatiy in areas least affected by thermal metamorphism. Analyses 
of barite were made by means of a combination of analytical methods —- elec- 
tron microprobe, MRFAPE, and dithiozone-extraction. The results are reported 
in Table v-4, 

Pb, Sr, Ca and presumably Zn can substitute for Ba in barite structure 


to a limited extent, and form solid solutions as PbS0O4, SrSO4, CaSO, and. 


2n804. Other elements Fe, Mn, Ni, Co, Mg, and K were also reported in 
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natural or synthetic barium sulfate but solely as oxides @aidene Bt ain, 
1951; Sakai, 1971). Among the solid solutions, BaSO, is isostructural or 
of similar ionic radius to SrSO4 and PbSOQ4, but not with CaSO, or ZnSO,, 
which have a different structure due to the smaller sizes of cat and Zn’, 
It is likely that the distribution of Pb and Sr between coexisting minerals 
(sulfate-sulfide) may occur under equilibrium conditions in a hydrothermal 
environment. However, no stable strontium sulfide was ever reported in 
nature and the thermochemical parameters for strontium sulfide-barite reac- 
tion are virtually unknown. On the other hand, barite and galena are stable 
coexisting minerals and thermochemical data exist for the reactions 

(PbS), + 202 = (PbS04), (V-1) 

(BaS) | +200 = (BaS04) pe (V-2) 
It is therefore possible to use barite-galena pairs as an indicator of oxy- 
gen peeocity (£95) during ore deposition if the activity of PbSO, in barite 
or BaS in galena or both are known (Kajiwara and Honma, 1972). The equil- 


ibrium constants K for the above reactions are: 


4PbS04 (Brt) (v-3) 
@Pbs (Gn) (£09) a 


Ky-} 


Ky-9 #BaSO,(Brt) (V-4) 


@BaS (Gn) x( £0)? 
where 2164) is activity of i component in solid solution j. Since barite 
and galena contain essentially BaSO4 and PbS, the values of apps (Gn) and 
*BaS04 (Brt) should be equal to unity in nearly pure galena and barite; re- 


atranging equations V-3 and V-4, 


Ky_} = aPbSO, (Brt) (vV-5) 
“oy aeaereey pae 
Ry-2 = 1 (v-6) 


4BaS (Gn) x(fo)* 
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Activity isopleths of PbSO4(Brt) and BaS (Gn) as functions of fo, and tem- 
peratures have been constructed (Fig. V-7) from equations V-5 and V-6 using 
the free energy (AG) data for peace ions V-1 and V-2 (Holland, 1965) and 
the relation AG = -RT In K = 4.576061 T log K; T is temperature in ° Kelvin, 
K the equilibrium constant, and R the gas constant (=1.9872 cal per mole 
per degree). Stability boundaries of ZnSO, - ZnS and CaSO, - CaS are also 
shown in Fig. V-7. The calculation was made by an APL computer program 
ACT as — in Appendix V-2. 

The activity of a component representing the solute end member in a 
given solid solution series is proportional to its mole fraction, and the 
recent experimental studies on BaSO4-PbSO4 system (Takiyama, 1967; Bostrom 


et al., 1967; Sugitani et al., 1969; Takano et al., 1969) suggest that the 


BaSO04-PbSO4 solid solution series does not deviate drastically from ideality. 
Thus as a first approximation, we can assume that aPhso, in barite solid 
solution is nearly equal to its mole fraction. 


The PbSO4 mole fractions estimated from Pb contents in Anvil barite 


samples (Table V-4) range between 10> and haze with an average of about 


“4 ; -4 
10". Thus the estimated AaPbSOy, in barite from Anvil ores is about 10 °. 


From Fig. V-7 it is evident that the fo, during ore deposition must have 


30 38 —=329 9723? 


at 200°C and 10 to ol at 250°C. The full range 


been 10 ~” to 10 


of filling temperatures determined from primary fluid inclusions in Anvil 


barite, as will be shown later, is between 170° V 240°C; the corresponding 
34 10724"? 


my . If the temper- 


fo, range is between 107 79*> ~\ he and 10. 


ature range is representative of ore formation, then foo must have been 


35 40 at 170°-200°C. It appears 


around 10 ~? at 240°-250°C, and around 10 
Probable that the higher the formation temperature, the higher was the 


oxygen fugacity involved in the formation of barite-bearing ores. 
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Activity isopleths of (PbS04) 


Barite Galena 
as functions of oxygen fugacity and temperature. 
P = 1 atm. Numbers on isopleths indicate activities 


in logarithmic unit. Stability fields of ZnSO4-ZnS 
and CaSO,-CaS are also shown. 
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Average chemical compositions of Anvil barite and those of Kuroko 
parite, hotspring barite and modern marine barite are compared in Table 
y-5. The following observations can be made: 

(i) Sr and Ca contents in Anvil barites are lower than Kuroko barites 

but comparable to those in hotspring or marine barites; 

(ii) Pb content is slightly higher in Anvil barites than Kuroko and 
marine barites but lower than for hotspring barites; 

(iii) Fe, Mn, Zn, Ni, Co contents in Anvil barites are generally higher 
than those in marine barite, indicating either formation in an area of 
high ferromanganese deposition or a higher amount of impurity detected by 


electron microprobe analysis. 


4, Carbonate Minerals 

Nineteen carbonate minerals in ore specimens from the Faro, Vangorda, 
Grum and Swim Lakes orebodies were analyzed for Fe, Mn, Ca, Mg, Zn and Ba 
by electron microprobe using an energy dispersive detector. C03 contents 
were calculated by assuming stoichiometric distribution of major cations 
in the carbonate structure. The analytical results and estimated mole % 
of solid solutions are listed in Table V-6. Structural formula of these 
Carbonate minerals are given in Table V-/7. Description of analytical method 
and related details can be found in Appendix V-1l. Calculations of mole per- 
cents of solid solutions were made by the APL computer program MOL which is 
listed in Appendix V-2.- 

Data in Tables V-6 and V-7 indicate that the carbonates in Faro are 
Siderites variously substituted by Mg, Mn and Ca. ZnCO3 and BaCO3 solid 
Solutions were detected only in 2 samples from DDH66-2. Carbonates from 


Vangorda show a wider range of composition, including siderite, rhodochro- 
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site and ankeritic dolomite. Carbonates from Grum and Swim Lakes are 
siderite and/or ankeritic dolomite. Generally speaking, about 704 of 
the analyzed carbonates belong to the siderite group, 20% are ankeritic 
dolomites and 10% rhodochrosites. 

Partition of major elements in the carbonates is shown in Fig. V-8. 
The following observations can be made: 

(i) Negative correlation of Fe and Mn in all the carbonates; the 
four ankeritic dolomites (V18-120, V60-180, V63-135 and A10-503) show 
lower Fe and Mn contents (Fig. V-8b); 

(ii) Ca and Mn appear to be positively correlated in most carbonates 
except the four ankeritic dolomites which show a negative correlation 
(Fig. V-8a); 

(iii) Ca-Fe and Fe-Mg are weakly negatively correlated in most car- 
bonates except the dolomites which show low Fe, high Ca (Fig. Y-8b and c). 

i (iv) The distribution of Mg-Mn, and Ca-Mg appear to be random in all 
carbonates. 

The observations indicate that in most carbonates, Fe or Mn strongly 
substitute for each other, and to a lesser extent, Ca-Fe and Fe-Mg also 
Substitute for each other. Ca and Mn probably behave in a similar manner 
in Substituting arhet elements in most carbonates except in the dolomites. 

Siderite and dolomite with less than 10 mole % MnCO3 are plotted ina 
FeCO3-CaC03-MgC03 diagram (Fig. V-9) with subsolidus relations at 350° ~ 
550°C and 2¥3 Kb from the work of Rosenberg (1967). Rosenberg found that 
the ordered solid-solution series CaMg(C03) 2-CaFe(C03)2 in which ankerite 
lies, terminates at a three-phase ankerite-calcite-siderite field (Fig. V- 
9a), and that the upper limit of Fe solubility in ankerite increases with 
temperature, The ankerite compositions which are stable with siderite and 


Calcite at experimentally determined temperatures are also shown in Fig. 
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(b) 


fig. V-8. Partition of major elements in the Anvil carbonates. 
Unit is in weight percent. 
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Caco MgCo, 


(a) Compositions of carbonates with subsolidus relations at 450°C; 
the limiting ankerite composition at temperatures ranging from 

550°C to 350°C (after Rosenberg, 1967). (b) Extrapolated subsolidus 
relations at 300°C for the Anvil carbonates. C: calcite solid 
solution; S: siderite solid solution; A: ankerite solid solution; 


Solid dots: data points. 
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v-9a. A diagram depicting these solid solution relations at 300°C has been 
constructed by extrapolation of Rosenberg’s experimental results and is 
shown in Fig. V-9b. It can be observed that most ankeritic dolomites lie 
at or below the experimental ankerite composition (X) indicating that the 
Anvil ankerites were formed at or below 300°C. Sample A10-503 from Grum 
lies in the boundary of ankerite-siderite and calcite. All siderites plot 
in siderite or siderite-calcite boundary near the FeC03 apex. The shifting 
of position of siderites to the calcite-siderite boundary results from 
ignoring the presence of small amounts of MnCO3 in the carbonates. 

Mineral assemblages associated with the carbonates as revealed by 
petrography of ore specimens are generally: pyrite, pyrrhotite, marca- 
site, magnetite, and trace carbonaceous matter (graphite ?). Graphite 
is present in most host rocks intimately associated with the Anvil ore 
deposits as lenses of graphitic schist, graphitic mica schist, etc. (see 
Chapter III). No hematite has been observed. The amount of magnetite 
as compared to that of sideritic carbonates is generally small. The sta- 
bility relations in Fe-C-0-S system as functions of other physico-chemical | 
Parameters such as temperature, pressure, fo., fsos £co9 and £90 have 
been experimentally or theoretically considered by many authors, among 
them Holland (1959, 1965a), Yui (1966a,b), French and Rosenberg (1965), 
Seguin (1965, 1971) and Shikazono (1973). Mineralogical and textural 
features of the iron sulfide-carbonate-oxide assemblages in Anvil ores 
Suggest the following chemical reactions during regional and/or thermal 
metamorphism (if we may assume equilibrium): 

i) eFeS> = Fes + 1/2:S2 

(2) FeS2 + CO2 + 1/2 02 = FeC03 + 82 


(3) Fes + CO + 1/2 07 = FeC03 + 1/2 82 
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(4) 3FeC03 = Fe30, + 3C + 5/2 02 

(5) 3FeCO3 + 1/2 02 = Fe30, + 30 

Poleesres + 202 =— Fe303 +.3/2 So 

Phase relations of py-po for reaction (1) have been discussed pre- 
viously. Reaction (6) and similar reactions such as py*magnetite are for 
practical reasons insignificant due to the very rare occurrence of py-po-mgt 
(without siderite). Therefore, we will consider only reactions (2) te,05), 
under two separate categories, sulfide-carbonate and carbonate-oxide sys- 
tems, the latter, being the lower limiting assemblage for the metamorphism, 
will be fee cusaed first. 

(a) Me oxida System. Yui (1966b) has demonstrated that siderite ~ 
is decomposed to magnetite at lower oxygen fugacities according to reaction 
(4) because of the decomposition of COj to graphite (C) and oxygen. Conse- 
quently the assemblage of siderite and magnetite without graphite will be 
formed by reaction (5) and is stable within a rather narrow temperature in- 
terval. If the assemblage siderite-magnetite-graphite is taken as a stable 
end-product of metamorphism on Anvil ores, then reaction (4) can be used as 
first approximation to determine fugacities of oxygen and C09 during meta- 
morphism. Based on free energy data for reactions such as C097 = C + 02, 
#0) =.CO + 1/2 O57, Yui gives the relations of absolute temperature and 
fugacities of oxygen and C02 in equilibrium with the siderite-magnetite- 
8taphite assemblage as follows: 

log fo, = 8.63 - 24700/T 

log foo, = 8.67 - 4110/T 
Thus at 300°C, log fo, = -34.5, and log fcQ, = 1.5; and at 250°C, log fo, 
=-38.6, log £co. = 0.81. These values probably represent maximum and 
hinimum fugacities attained during metamorphism. The stability fields of 


iron oxides, siderite and graphite as functions of fO5 and temperature are 
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shown in Fig. V-10 (modified after Yui, 1966b). If water is present in 
the stage of metamorphism as pore fluids, small amounts of graphite might 
become hydrocarbons, i.e. methane, etc., and dissociation of H20 and C09 
might occur in the pore fluids. Yui has shown that for the temperature 
range 100°-500°C, log fy>/fH0 ratios in equilibrium with the see 
magnetite-graphite assemblage are greater than -3, and at 300°C, the ratio 
is -2.38. A dissociation curve of water (2H20 = 2Hy + 09 at log fy5/fuo0 
= -2.38) is found to be almost identical to and superimposed on curve 

Ain Fig. V-10. If the amount of the pore fluids is sufficiently large to 
keep the fy5/fH50 ratio constant, the fo> of the fluid varies with temper- 


ature along curve A, and at the intersection of curves A and B (feo = 


ott +5 


atm), T=300°C, ae siderite is decomposed to magnetite ac- 
cording to reaction (5). If the amount of pore fluids is not sufficient 
to prevent composition variation in the fluids by the decomposition of sid- 
erite to magnetite, the variation of oxygen fugacity with temperature is 
not simple; presumably fu,/fn50 ratios. and £co5 will increase as a result 
of CO» production accompanying siderite decomposition. If the pore fluid 
is mainly C05, at 300°C, log fo, = -35; log foo, = 1.5, then log (f£c0/Fco) 
fea>s 7 sand: log fcgo = -2.2. 

As pointed out by Yui, siderite is capable of self-oxidation at lower 
Oxygen fugacities according to the reaction, 

3FeC03 = Fe304 + 2C02 + CO 
Thus, addition of oxygen is not necessary for the formation of magnetite by 
Siderite, and additional CO only favors the formation of siderite rather 
than magnetite. This might explain the scarcity of magnetite as compared 
to relatively abundant siderite in the Anvil ores. The scarcity of graphite 


within massive ores of Anvil ore deposits suggests that siderite was decom- 


Posed to magnetite according to reaction (5) with a rise in fo, to fco9 
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Fig ° V-10 ° 


j0o 200 300 400 
in 


Stability fields of magnetite, hematite, siderite 

and graphite as functions of oxygen fugacity and 
temperature. Values in parentheses are C09 fugacities 
in bar unit. Also shown are equilibrium curves for the 


following reactions: 

A) 3FeC03 = Fe304 + 3C +2 05. 

B) Fe304 + 3CO09 = 3FeC03 + 1/2 09. 

C) COpo = C + O2. 

Crosses indicate the position of a dissociation curve | 


of water (fu,/fH 0 = 10-2-38, see text) which is almost 
identical to curve A (modified after Yui, 1966b). 
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ratio caused by escape of C02 or dissociation of H20 and/or CO7 in pore 
fluids. 

(b) Sulfide-carbonate System. Sideritic carbonates are found texturally 
coexisting with pyrite, sphalerite and occasionally pyrrhotite. Formation 
of siderite or FeC0O3 in carbonates is apparently the resuit of reactions (2) 
and possibly (3). Therefore chemical relations between FeS contents in 
sphalerite (mFes) sp and FeC0O3 contents in carbonate (mFeco3) cb beth coexist- 
ing with pyrite can be described by reactions as: 


(FeS) + 1/2 So = (FeS9) 


sphalerite pyrite ~° 


(FeS5) + COo + 1/2 O95 = (FeC02) 
2) pyrite * 02 2 3 


Tit carbonate 
and the combined expression becomes: 


log apes = 1/2 log AFeCO3 ~ 1/2 log E05) 7 1/4 log fo, + 


Z 


1/2 log x. 


> Ky (V-7) 


where K, and K, refer to equilibrium constants for the reactions (a) and 
(b), Peehectively. The activities of FeS and FeC03 can be approximated by 
molalities of FeS and FeCO3 since the activity coefficients of FeS and 

FeC0., do not deviate significantly from unity in the temperature range 
250°-300°C (Barton and Toulmin, 1966; Shikazono, 1973); mole fractions of 
FeS in Ssphalerite and FeCO3 in carbonate can thus be used as a close approx- 
imation of Polalicias. These are plotted on a log mfes — log ™FeC03 diagram 
as shown in Fig. V-11. It can be observed that variation in mfeco, is large 
in comparison with a relatively constant mpeg; four groups (A, B, C, D in 
Fig. V-11) can be Peed tea and the average MFeCO3 and Mfes values of 
€ach group are used to estimate the magnitude of increase in £C0, and fo, 
from A to D. If £c0. is held constant, then £0, of the eUueidesenreonsre 
System would increase very slightly from group A to group D (i.e. from 


Vangorda - Swim Lakes - Faro and Grum). On the other hand, if £0, is held 
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Fig. V-1l. FeS contents of sphalerites versus FeC03 contents 
of carbonates from Anvil ore deposits. A line L 
shows increasing order of 2logfco, af logfo, 
(equation V-7). 
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constant, then £co, would also increase. The magnitude of £CO» increment is 
much larger than that of fo. increment. This observation is therefore con- 
sistent with the fact that a higher proportion of £0» over £09 would favor 
formation of siderite rather than magnetite (siderite is more abundant in 
Vangorda than in Faro). 

In order to estimate oxygen fugacities during the stage of sulfide- 
carbonate equilibration, activities (= molalities) of FeS in sphalerite and 
FeCO3 in carbonate are compared as functions of fo, and fs in Fig. V—-12- 
FeS mole percents in sphalerite are generally between 10 and 20, whereas 
FeC03 mole percents in carbonates are between 13% and 94%, averaging 55% 


0.9 pn 970-03 


(correspond to 2FeC03 of 10 ainda 


about a. Fixing co» temperature, FeS contents in sphalerites and 


» averaging 1p). and £co5 is 


FeC03 contents in carbonates, we can understand the relation between apes 
and aFeC03 and mineral stability fields as functions of oxygen and sulfur 
fugacities. The wedge-shaped areas outlined by the intersections of four 
een A, A’, B,°B' or A, A’, C, C') define the possible range of oxygen 
fugacities at given temperature. The position of the pyrite-pyrrhotite- 
Magnetite triple point lies very close to the intersection points of A'-B' 
and A'-C' in both 250°C and 300°C diagrams (Fig. V-12a and b), indicating 
that the ee hace pyrite-pyrrhotite-sphalerite-siderite-magnetite was 
Probably equilibrated at conditions of T=250°-300°C, £CO, <= 100 bars, and 


oa bars with sphalerite containing up to 20 


rey hae =14 
mole % FeS buffered by pyrite and pyrrhotite at fs = 10 = LL) eich 


lL. 5 


> 


fo, Tange between 10° and 10 


then the most probable range of foo is about 
30 34 


Specifically, if fco, = 10 


19°*6 to ty at 250°C, and about 10 -- to 10 ~. at 300°C; the range may 


be indicative of the maximum and minimum conditions during the metamorphic 


“vent in which the sulfide-carbonate-oxide assemblage was equilibrated. 
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Fig. V-12. Activity isopleths of FeS and FeC03 as functions of 
fugacities of oxygen and sulfur. Stability fields 
of pyrite, pyrrhotite, magnetite and hematite are 
superimposed for comparison (dashed lines). 
Solid lines are activity isopleths of: 
A) mol % FeS in sphalerite (A: 10 mol %; A': 20 mol %). 
B) areco, in carbonate = 10-1 (B: fco, = 10; B': feo, = 
102) for-FeS7 + CO2 + 1/2 02 = FeC03 f So (pyrite- 
siderite). 
C) afeco, in carbonate = 10-1 (C: fco, = 10; C’: fc, = 
102) for~FeS + CO2 + 1/2 02 = FeC03 + 1/2 So (pyrrhotite- 
siderite). 
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The estimates of fo, in Fe-C-O-S system are again consistent with those 
derived from Fe-S, Fe-Zn-S, Fe-C-O systems. Table V-8 summarizes all the 
derived fugacities of gaseous phases in the above systems for the Anvil ore 


deposits. 


3. Bulk Ores 

In this section, extensive data on ore grades from chemical analyses 
of drill hole sulfide sections in Faro, Vangorda, Grum and Swim Lakes ore 
deposits are summarized. The drill hole assay data used were provided to 
the writer through the courtesy of Cyprus Anvil Mining Corporation Ltd. 
(for Faro), and Kerr Addison Mines Co. Ltd. (for Vangorda and Swim Lakes). 
Data on the Grum deposit are those published by the AEX Minerals Corpora- 
tion Ltd. in 1974 (now Canadian Natural Resources Co. Ltd). A total of 
16 bulk ore samples from Faro drill holes also has been selected for chem- 
ical analyses of 18 major and minor elements by means of MRFAPE spectrom- 
etry. These analyses were made in order to characterize certain other 
metals (e.g. Fe, Mn, Ba, Co, Ni, etc.) which are usually not analyzed in 
drill hole bulk samples. 

The summary on average grades of drill hole bulk ores from Faro, Grum, 
Vangorda and Swim Lakes is presented in Table V-9. The chemical analyses 
of 16 bulk ores from Faro are listed in Table V-10. 

The analysis of bulk ore samples for minor elements has severe limita- 
tions in interpretation and elucidation of the ore-forming process. Gen- 
erally only empirical partition relationship (such as conditions of dilute 
Solution, equilibrium or random scatter) and some sort of chemical varia- 
tions in relation to depths, ore types, etc. can be deduced from bulk ore 
analysis. It is not the purpose of the writer to pursue a detailed study 


of minor element partitions or zoning in the Anvil ore deposits but rather 
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TABLE V-8 


Estimated Fugacities of Gaseous Phases (in log units) 


System 


Fe-S 


Fe-Zn-S 


Fe-C-0O 


Fe-C-0-S 


During Metamorphism of the Anvil Cre Deposits 
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TABLE V-9 


Average Grades of Faro, Vangorda, Grum and 
Swim Lakes Ore Deposits 


Deposit 


Faro 
Vangorda 
Grum 


Swim Lakes 


(1) Tempelman-Kluit (1972); (2) Gondi (1972); 


(weight percent) 


Pb 


3.40 
3.16 
4219 


3.14 


2n 


Dalhic 
4.96 
6.81 


4.97 


Cu 


0.16 
0.27 
0.25 


0.15 


(ppm) 

Ag Au 
ot) = 
55 £0.63 
of ee te 
45 0.55 


References 


(1), (2) 
(3) 


(3) Chisholm (1959); (4) Northern Miner (June 27, 
Fucust 22,-Oct. 3, 1974), average of 23 drill holes 
(5) Kerr Addison Mines Ltd. 
assay records, average of 5 drill holes totalling 


totalling 2035 feet; 


460 feet. 
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to estimate the overall metallic compositions of these ore deposits as a 
basis for the study of initial metal. abundances and solubilities in ore 
solution to be made in a later chapter. 

The metallic compositions of a massive sulfide deposit can best be 
estimated by extensive chemical analysis of large drill hole specimens; 
the routine and complete chemical assays of drill cores for Pb, Zn, Ag, 

Cu and occasionally Au by the companies provide a good average estimate 
for these elements. Since Fe, Ba and Mn were never analyzed in normal 
routine chemical assays of drill cores, their estimation can only be made 
by either selective bulk ore analysis or indirectly by mineralogical com- 
positions of representative bulk ore specimens. The former has been made 
only for Faro deposit (Table V-10). Volume percentages of total sulfide 
Mass and each component sulfide phase in Faro have been estimated by Gondi 
(1972) and Campbell and Ethier (1973) and in Vangorda by Chisholm (1959). 
The writer has made additional assessments of volume percentages of iron 
sulfides, barite and siderite o means of point counting on typical mas- 
Sive ores from Grum, Vangorda and Faro; the volume percents of pyrite and 
pyrrhotite in Grum agree well with those in Faro estimated by Campbell and 
Ethier (1973). The volume proportions of total sulfides and each sulfide 
phase in Faro, Vangorda and Grum and Swim Lakes are summarized in Table 
V-1l. No data on the proportions of iron sulfides in the Swim Lakes deposit 
are available. 

Fe in the Bi pesieeeietnly occurs in pyrite, pyrrhotite, sphalerite and 
in minor amount in magnetite, siderite, chalcopyrite, marcasite and arseno- 
Pyrite. Fe content of pyrrhotite and sphalerite were given previously. 

Fe contents estimated from the former three sulfides account for more than 
95% of total Fe in the deposits. Pb, Zn, Cu weight percents deduced from 


their volume data are greater than observed grades given in Table V-9, 
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indicating than an over-estimation of galena, sphalerite and chalcopyrite 
by Campbell and Ethier (1973) and Chisholm (1959). The excess volume per- 
cents are assigned to iron sulfides (pyrite and pyrrhotite) since they are 
the predominant phases in the deposits. A best estimate of metallic compo- 
sitions of the Anvil ore deposits is presented in Table V-12. 

Relative abundance of ore metals in the Anvil ore deposits can be 
expressed as their atomic ratios as shown in Table V-13; copper in Faro 
is taken to be 1. These ratios will be used in a later chapter to estimate 
relative abundance of metals in initial ore solution if certain reasonable 
assumptions are made and pertinent physico-chemical factors applied. 

There are certain interesting aspects of element variations observable 
from the drill hole assay data and analytical results in Faro deposit. 
First of all, Ag content appears to be greater near the upper part of sul- 
fide layer in drill holes 66-2, 66E9, 66-22 and 67-6 (Fig. V-13a). Copper 
appears to have a crude negative correlation with Pb and Zn content (this 
is especially apparent in drill holes 66E9, 66-22 and 67-4) (Fig. V-13b). 
On the other hand, Mn/Fe ratios tend to increase whereas Co/Ni ratios and 
As, V, Ni, Co, Cu contents decrease towards the upper part of the orebody 
(Table V-10). Even though structural complexity in Faro still does not 
allow positive establishment of stratigraphic top and bottom, the general 
consensus is that the position in which the orebody now lies has not changed 
Significantly since ore deposition. Tatsumi and Oshima (1966) and Lambert 
and Sato (1974) have shown that in Kuroko deposits of Japan, Cu decreases 
as Pb and Zn increase stratigraphically upwards, and As, Sb, V, Ag, Au 
increase and Ni and Co decrease. The trend of As and V is obviously oppo- 
Site in Faro as compared to Kuroko, but other trends are similar. Also, 


Lambert and Sato (1974) have shown that Co/Ni ratios are higher in yellow 
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TABLE V=12 


Metallic Compositions of the Anvil Ore 
Deposits (Weight %) 


Faro Vangorda Grum Swim Lakes 

Fe “36.92 2925 31.01 25.20* 
zn Dele 4.96 6.81 4.97 
Pb 3.40 3l6 4.19 3.14 
Ba 0.49 S 0.30 0.68 
Cu 0.15 0.27 OnZS" | 0.15 
Ag (ppm) aY D2 65 45 

Au (ppm) > 0.63 = 0.155 
As 0.02 1.84 = = 

Mn 0.11 = es > 


* Minimum estimate based on 40 vol. % Py, 
Veo Vol. 4 Sp; and0.15 voli % Cpy: 
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TABLE V-13 


Atomic Ratios of Metals in Anvil Ore Deposits 
Copper in Faro is taken to be 1 


Fe yz 2) Ba Cu Ag Au(x 107°) As Mn 
Faro 230) “S74 E/ 20. 61.65) 8 1 0.01 - ORI £0) s65 
Vangorda 222 525 gOeO - or. Ome L230 10.4 - 
Grum Cope44n Oo.) 6 OS9)” Sia ™ 0.03 - = - 


Swim Lakes 191 52 6.4 Qo af 07:02 a sat hs: - - 
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ore (Oko) and siliceous ore (Keiko) but lower in black ore (Kuroko); again 
showing a Eeepeasias trend upwards. Average Co/Ni ratio of Faro ores is 
about 4.2, considerably higher than the cupriferrous ores of Cyprus (Troodos 
massif) and Beshi (Japan) of basic volcanics association (Co/Ni ~ 2), but 
lower than the Ergani deposit in Turkey (Co/Ni v 7.4). In a study of Mn/Fe 
ratio in the Heath Steel massive sulfide deposit, Whitehead (1973) suggested 
that the ratio is higher before and after the main stage of massive sulfide 
deposition in a volcanic-sedimentary environment, and that it increases with 
a decreasing thickness of massive sulfide (e.g. peripherally to a sulfide 
depositional basin). Mn/Fe ratios in Faro show a crude<shaped trend, with 
very high ratios in the upper part. Whether the minima near the central 
part really represents the "main stage'’ of sulfide deposition or was caused 
by some other processes is not known. We may correlate the minima with a 
pyrrhotite-rich "core" outlined in the Faro No. 1 orebody (Campbell and 
Ethier, 1973). 

Average molecular ratios of Pb, Zn and Cu in Faro, Vangorda and Swim 
Lakes deposits show similarity to other "conformable' lead-zinc deposits 
of the world in both a Pb-Zn binary plot and Pb-Zn-Cu ternary plot (Tempel- 
man-Kluit, 1972). The ratios in Grum deposit also show good similarity to 


world deposits. 


C. FRANCES LAKE DISTRICT 
i.__Pyrrhotite 
Pyrrhotite texturally related to pyrite, chalcopyrite, sphalerite 
and/or sideritic carbonates was analyzed for Fe, S, Ni, Co, Cu, Mn by 
electron microprobe using an energy dispersive detector. Similar counting 
Tates, Operating conditions and standards as those for Anvil pyrrhotite 


analysis were employed. 
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The chemical composition of pyrrhotite samples from Thompson Creek 
deposit, Frances Lake district is shown in Table V-14. 

The deposit has been subjected to lower greenschist facies metamor- 
phism and two periods of structural deformation, the younger of which is 
related to mid-Cretaceous granitic intrusion. Formation of late stage 
pyrrhotite, siderite, sulfosalts and some pyrite was probably related to 
metamorphism. The temperature range of metamorphism can be estimated from 
homogenization temperature measurements on secondary CO97-rich gas-liquid 
inclusions in quartz and by sulfur isotope fractionation temperatures of 
sphalerite-galena pairs which are associated with pyrrhotite, siderite, 
and pyrite. A range of 280° to 350°C and an average of 300°C probably 
characterizes the metamorphism. Furthermore, an average metamorphic pres- 
sure of about 4 Kb (range 3 to 6 Kb) can be estimated from sphalerite- 
pyrrhotite-pyrite assemblage using sphalerite geobarometry (see later 
section). 

If the Thompson Creek pyrrhotites were last equilibrated with other 
mineral phases during metamorphism at about 300°C, it is evident from the 
tange of Fe atomic percents (Table V-14) and Fig. V-1 that the pyrrhotites 
are all hexagonal. The fugacities of sulfur at which the pyrrhotites last 
equilibrated can be estimated from the position of the pyrite-pyrrhotite 
solvus from a temperature-fs. diagram at 4 Kb as shown in Fig. V-143; at 


a7 and at 350°C fs. is ade apes is 0.1 at these tem- 


300°C, fs is 10 
peratures. apes is considerably lower than that in the Anvil Fe-S system 
and probably reflects a deficiency of Fe either in metamorphic fluids or 


in original sulfide assemblages which were reequilibrated during metamor- 
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Fig. V-14. Sulfur fugacity vs. temperature diagram showing 
variation of activity of FeS in pyrrhotite and 
pyrite at 4 Kb. Positions of solvuses and mono- 
clinic-hexagonal pyrrhotite phase boundary are 
estimated from data of Toulmin and Barton (1964) 
and Miyazaki et al. (1974), respectively. 
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2 Sphalerite 


Selected samples of sphalerite associated texturally with either 
pyrite or pyrrhotite and/or siderite were analyzed by electron microprobe 
using an energy dispersive detector and wavelength dispersive detector 
(for ca, Mn). Counting rate and operating conditions are the same as those 
for Anvil sphalerite. 

Chemical compositions of sphalerite samples are listed in Table V-15 
together with calculated mole percents of solid solutions and stoichiometry 
between sulfur and metal cations. 

Microprobe Serhy scanning traces of Zn, Fe and Mn and photomicrographs 
across individual sphalerite grains do not reveal any systematic zoning or 
discrete FeS-rich patches, and overall compositional uniformity is indicated 
even though small irregular variations exist in a few samples. Examples of 
these scanning traces and photomicrographs are shown in Fig. V-15 and Plate 
V=2 Pespectively . FeS weight percents in sphalerite do not show any regular 
variation with depth or laterally within the ore horizon. 

Table V-15 shows that FeS mole percents in sphalerite are more variable 
and generally have a lower range (7.37 ~ 15.70) when pyrite and pyrrhotite 
are not coexistent with sphalerite, whereas the FeS mole percents are about 
151 17.22 with an average of 14.77 when three phases coexist. 

Estimation of pressure during metamorphism when sp-py-po assemblage 
Was equilibrated can be made by using Fig. V-5 and FeS mole percent data 
from Table V-15. Pressures so estimated are as follows: 

A) Pressures estimated from experimental isobars: 

3.0 %6.3 Kb (average: 4.7 Kb) 

B) Pressures estimated from calculated isobars: 

(at 300°C) 2.2 ~5.7 Kb (average: 3.8 Kb). 


(at 350°C) 2.5 ~6.2 Kb (average: 4.3 Kb). 
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Electron microprobe X-ray scanning traces of sphalerite 


grains, Thompson Creek deposit. 
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Thus a range of 2 to 6 kilobars and an average of about 4 Kb are the preb- 
able metamorphic pressures for the Thompson Creek deposit. 

A sulfur fugacity-temperature cece showing FeS mole percents in 
sphalerite at 4 Kb has been constructed and shown in Fig. V-16. The sp-py- 
po solvus lies near the 10 mole percent isopleth below about 500°C. Over 
the range of FeS mole percents in the Thompson Creek sphalerites, the cor- 


=9:.6 10 


responding sulfur fugacities from Fig. V-16 are 10 to” 10s 


eip > to 107°? 


at 300°C, 
at 350°C. These sulfur fugacities agree well with 


those estimated from the py-po solvus in Fe-S system. 


3. Carbonate Minerals 

Seven carbonate minerals in ore specimens from drill holes were anal- 
yzed for Fe, Mg, Mn, Ca, Zn by electron microprobe using an energy dispersive 
detector. Procedures of analysis and calculation of C03, solid solution 
mole percents, etc. are the same as for the Anvil carbonates. Chemical 
compositions of analyzed carbonates are given in Table V-16 together with 
calculated mole percents of solid solutions and structural formulae. From 
this tabie, it is evident that all the carbonates are siderite with Mg-sid- 
erite predominant, followed by Mn-Mg siderite as a minor variety. 

Correlation of major elements in the carbonates is shown in Fig. V=i7 . 
The following observations can be made: 

(i) Negative correlation of Fe and Mn, Ca and Mg, and Mn-Mg in all 

Carbonates, the latter two correlations are curvilinear. | 

(ii) Fe and Ca, Fe and Mg, and Ca-Mn appear to have a weakly positive 
Correlation in the carbonates. 

Therefore Fe-Mn, Ca-Mg and Mn-Mg substitute for each other in the 
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Fig. V-16. 


600 foo 800 


Sulfur fugacity vs. temperature diagram showing 
mole % FeS in sphalerite at 4 Kb, Thompson Creek 
deposit. 
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TABLE V-156 


Chemical Composition of Carbonate Minerals fromtthe 
Thompson Creek Deposit 


(Sample No.) 
4-43.5 6=34°5(A) 915-250 *.23-288.5 (24.286-5. 25540225 
(weight Z%) 
Fe | 36.75 37.66 39.21 371g) 34.53 24.92 
Mn 2.50 4.12 at77 4.52 8.55 17.49 
Ca 0.16 0.30 0.44 0721 0.15 0.85 
Mg 4.78 B57 2.45 3.54 2.86 257 
Zn 0.81 0.07 0.66 0.32 0.10 0.35 
C0 3% 55.00 54.29 53.47 54.24 53081 53.82 
(mole %) 
FeC03 71.79 4 Fa ssh 78.67 73.65 68.96 49.76 
MnCO3 4.96 8.29 7.70 9.10 17.35 35.50 
CaC03 0.44 0.82 1.22 0.58 0.41 oT) 
MgC03 21.46 16.23 i328 16.13 13.10 11.78 
ZnC03 1234 O.t2 P43 0.54 Oni7 0.59 
Structural Formula: 
4-43, Ca i iderit 
3.5 Fey 7oM8q_ 919 .952%9.01° 0.004003 (Magnesian siderite) 

6-34.5 ‘ (ee) + 

(A) Fey 75MBq_ 16M. 08°20 .0082"0.001°°3 
14-250 (ee) “ 

Fey 74M8q 11!" .08°#0.017"0.01°°3 

23-288. f e0) ‘ 

> Feo 7480.16! .09°%0.0067"0.005" 3 


24-286.5 Fe (Mangano-magnesian siderite) 


co 
0.69. 1789. 13°20.0047"0.002°°3 


25-402. oe " 
2 Fey soMng 36MBq_ 12°40 .022"0.006-73 


*Calculated values 
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Fig. V-17. Correlation of major elements in the Thompson 
Creek carbonates. Unit is in weight %. 
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Mineral assemblages associated with carbonates are: pyrite, pyrrho- 
tite, chalcopyrite and sphalerite in most ore specimens. Late stage Pb-Sb 
sulfosalt minerals generally occur as streaks and veinlets in carbonates. 
No magnetite or hematite has been observed in ore specimens. Therefore, 
the assemblage ae the reactions of sulfide-carbonate during metamor- 
phism (late stage "mineralization" sequence) as discussed in the previous 
section for the Anvil carbonates. Chemical relations between FeS contents 
in sphalerite and FeCO. contents in carbonate aoen coexisting with pyrite 
can be treated as for the Anvil sulfide-carbonate system. Mole percents of 
FeS and FeC03 are compared in Fig. V-18. Variations of mpeg and MFeCO3 
pear to be quite large and follow the slope of 2 log £c05 1 Loe £O5> 
Syenging from A, B, C to D. If carbon dioxide fugacity was constant, then 
oxygen fugacity of the sulfide-carbonate system would have increased 
from A to D; if oxygen fugacity was constant, then carbon dioxide fugacity 
would have also increased. 

Oxygen fugacity range of the sulfide-carbonate system can be estimated 
from a fo,-fs. diagram (Fig. V-19) showing phase relations of activities of 
FeS in sphalerite and FeCO3 in carbonates. As a first approximation, mole 
Percents of FeS and FeC03 are equivalent to the activities. FeS mole per- 
cents in sphalerites coexisting with pyrite and pyrrhotite are generally 
between 11.5 and 17, averaging 15; whereas FeCO3 mole percents in carbonates 


, -0.3 
are between 49.8 and 78.7, averaging 69.6 (corresponding to ageco, of 10 


0.1 -0.16 


mario) * averaging 10 i fco» estimated from measurements on CO9-rich 


. 220 ee 
inclusions in quartz (see Chapter VI) has an average of 10 ; Fixing Fes 


mole percents in sphalerite, FeCO3 mole percents in carbonates, temperature 


and fcOo» we can estimate fo» from Fig. V-19; the wedge-shaped area outlined 
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Fig. V-18; 


-0-5 ~ 0.4 -¢.3 -0,2 -0,] (é) 


log ™ FeC0; 


FeS contents of sphalerites vs. FeC03 
contents of carbonates from Thompson 
Creek deposit. A line L shows increasing 
order of 2logfco, + logfo, (equation V-7). 
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log Fo, 


Fig e V-19 ° 


--40 =35 -30 -2> 


Activity isopleths of FeS and FeC03 as functions of 
fugacities of oxygen and sulfur. A: FeS mole % in 


sphalerite (A: 10 mole %, A': 20 mole %). B: aFeCO3 


in carbonate = 10-0.2 at £c0o9 = 102 for FeS2:+ C09 

+ 1/2 02 = FeC03 + S2 (pyrite-siderite). C: aFeco 

ia Carbonate = 1070-2 at £c09.= 102 for FeS + C09 e. 
1/2 09 = FeC03 + 1/2 S2 (pyrrhotite-siderite). 
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by the intersections of four lines A, A', B, and C defines the possible 
range of oxygen fugacities at a given temperature. Py-po-mgt triple point 
lies outside the wedge-shaped area, indicating that magnetite was never 
equilibrated with iron sulfides or carbonates. If fs, = ines (correspond- 
ing to 15 mole % FeS), and £co5 = ieee the most probable range of foo is 


about boi? poetry: *? at 300°C, and about toseee a7 


fo, 100, fat 350°C: 
This range of fo, may be representative of maximum and minimum conditions 
during metamorphism in which sulfide-carbonate system was equilibrated. 

A high £C0> and a relatively large proportion of £cO5 to fo. in the 
Thompson Creek deposit would favor formation of siderite rather than mag- 


netite; decomposition of siderite to magnetite or oxidation of iron suifides 


to magnetite obviously did not take place in a high £cO9 environment. 


4, _Sb-Pb Sulfosalt Minerals 

Sulfosalt minerals closely associated with galema and as streaks and 
veinlets in siderite were described previously. Chemical analyses by elec- 
tron microprobe using a wavelength dispersive detector were made for Pb, 
Sb and Cu. Bi, As and Fe are present in trace quantity in some samples; 
they were not analyzed. The results represent 10 to 15 counts (50 seconds 
per count) on 5 to 10 grains per sample. Operating conditions, standards, 
analytical sequence and correction procedure used are deeedibed in Appendix 
Vel. 

X-ray scanning photomicrographs by electron probe or sulfosalt minerals 
were eels investigate element distribution and sample homogeneity. Some 


examples are shown in Plate V-3 (a) and (b). Overall homogeneity is indi- 
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Chemical compositions of sulfosalt minerals (Table V-17) indicate that 
the sulfosalts are mainly meneghinite approaching the composition of CuPb 13 
Sb7S94, and a few are boulangerite approaching the composition Pb5Sb,S1]. 
Meneghinite in sample 14-250B has a composition of Pb 13Sb7S24 with only 
trace copper. S content was calculated from anionic stoichimetry but not 
Miyzed directly. 

Meneghinite and boulangerite occur mainly as late stage replacement or 
"intergrowths" in galena and sometimes as post-ore renobiiized veinlecauin 
siderite or sulfides. Therefore they represent an assemblage formed during 
the late stage of ore deposition or post-ore thermal events. Occurrence of 
Pb-Sb and other sulfosalt minerals with lead-zinc sulfides in hydrothermal- 
sedimentary ore deposits has been noted in many places; notably: meneghin- 
ite, boulangerite, bournonite, etc. in the upper part of the black ore zone 
of Kuroko deposits, Japan (Matsukuma et al., 1974); jamesonite, polybasite, 
pyragyrite, etc. in Mount Isa (Blanchard and Hall, 1942), boulangerite, 
meneghinite, bournonite, etc. in Broken Hill (Stillwell, 1926; Ramdohr, 
1950; and Woodward, 1965); boulangerite and jamesonite in Sullivan Mine, 
B.C. (Irvine, 1972), and boulangerite, bournonite and freieslebenite 
(Pb3Ag 5SbsS 45) in Rosebery, Tasmania (Brathwaite, 1969). 

In a study of phase relations in the Pb-Sb-S system, Garvin (1973) 
found that stable phases in the assemblage boulangerite-robinsonite- 
Zinckenite-"phase IV" decreases from 4 phases at 500°C through 3 phases 
(without "phase IV") at 400°C to 2 phases (boulangerite and zinckenite) at 
300°C, Furthermore, boulangerite forms in stable assemblages containing 
from near 100 mole percent to about 54 mole percent PbS, and zinckenite is 


Stable in compositions ranging from zero mole percent to 46 mole percent PbS. 
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The absence of zinckenite in the Thompson Creek deposit suggests that boul- 
angerite was probably formed in an assemblage containing at least 54 mole 
percent PbS and below 300°C during the late stage mineralization. In the 
temperature range of 300° ~ 400°C, addition of 2 mole percent of Sb2S3 solu- 
tion to galena results in the appearance of a substantial amount of boulan- 
gerite (Garvin, 1973). 

Hoda and Chang (1975) have shown that meneghinite solid solutions in 
PbS-Cu9S-Sb9S3 ternary systems covers a region starting from the composition 
CuPb13Sb7S94 and extending toward the PbS-poor and Sb2S3-rich compositions. 
The field of meneghinite solid solution shrinks significantly from 500° down 
to 300°C (Fig. V-20). Composition field of the Thompson Creek meneghinites 
is very restricted and plots at the PbS-rich side of the meneghinite field, 
indicating that they probably formed below 300°C. 

Fluid pressure during main stage sulfide mineralization in the Thompson 
Creek deposit is about 0.1 to 0.17 kilobar, as deduced from salinity and den- 
sity data on primary fluid inclusions in quartz (see Chapter VI); similar 
pressure probably acted during late stage sulfosalt mineralization. Sulfur 
fugacity during late stage mineralization can be estimated from a sulfur 
fugacity-temperature diagram (Fig. V-21) constructed at one kilobar and from 
free energy data for sulfidation reactions of meneghinite and boulangerite 
(Craig and Barton, 1973). If sulfosalt mineralization occurred at about 


14 


250°C, sulfur fugacity was about 10 for sulfidation of boulangerite and 
> for sulfidation of meneghinite. If some sulfosalts were remobilized 
(recrystallized) during regional or thermal metamorphism, then at a temper- 
ature cf 300°C and pressure of 4 Kb, sulfur fugacity would have been about 


ae -12 gl she 
10 : for sulfidation of boulangerite and about 10 for sulfidation of 
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Fig. V-20. Phase relations in the system PbS-Cu2S-Sb2S3. 
Meneghinite solid solution field: (a) 500°C, 
(by *400°E (cy S00°C. “'Sdélid “circle? 6 data 
points of Thompson Creek meneghinites. B: 
boulangerite. 
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Sulfur fugacity vs. temperature diagram showing 
sulfidation curves of meneghinite and boulangerite 
at 1 Kb. Other solvuses are also shown. Curve A: 
>) 3\Poo + 4/3 Sb + S) = 1/3) Pb5Sb4S773 "Curve Bb: 
2/21 Cup + 51/21 PbS + 4/3 Sb.+.S9 = CuPb13Sb7S24. 
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1D: Bulk Ores 

Chemical assay data of Pb, Zn, Ag and Sb from drill hole ore sections 
in Thompson Creek ore deposit are summarized below. The data used are 
taken from an unpublished company report of the Joint Venture (Caninco- 
Metallgesellschaft Canada - Matt Berry Mines Ltd.) by L. LaPrairie in 
1970. In addition, selected drill hole ore samples were analyzed for other 
elements such as Cu, Fe, Mn, etc. Ore grade reported below represents the 
average of assay data from a total of 147 feet of sulfide drill hole inter- 
sections (83 feet for Sb): 

Seems 09 wt.4; Zn: 7.65 wt.43; Ag: 3.102 oz/ton or 97 ppm; and 

Sb: 0.43 wt.Z. 

Chemical analysis of 9 selected ore samples was made by MRFAPE spectrom- 
etry; the results are given in Table V-18. The averages of Fe, Cu and Mn 
are used to represent, as first approximations, the average concentration of 
these elements in Thompson Creek deposit. Sporadic ore assays of Cu are 
generally between 0.1 to 0.2 wt.%. Error in estimation of overall composi- 
tion of Fe in the whole deposit is probably small. 

The relative atomic ratios of Pb, Zn, Sb, Cu, Ag, Fe and Mn are cal- 
culated and shown in Table V-19; Sb is taken to be 1. These ratios will be 
used in a later chapter to estimate initial metal abundances in the ore 
Solution responsible for the formation of Thompson Creek ore deposit. 

Ag is enriched in the Thompson Creek deposit; plotting of molecular 
Tatios of Ag with those of Pb and Sb (using drill hole assay data) shows a 
Strong positive correlation of Ag with Pb (Fig. V-22a) and to a lesser 
extent, that of Ag with Sb (Fig. V-22b). Ag probably occurs as argentite 
Solid solutions in sulfosalt minerals or gaiena, even though electron 


microprobe failed to detect any significant Ag content in these minerals. 
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TABLE V-18 


Chemical Analyses of Bulk Sulfide Ores From 
Thompson Creek Deposit (ppm) 


Sample No. (Weight %) 

(DDH) Fe Cu Mn TAS “SCdr Ag-= Nie wto: or 
9-87 feet 7963 “Yeie e400 Sasa 30 47 od 
22-340.5 byom | i2e6 679 «65. 61. 62, 28) Bono 
23-288.5 ores) Tess «610 Sen G59 11 Se 
24-304 Become ayes 1201 150) 50° Go v52017. 136 
25-462.5 ReCoadiGoes 2065 150: S4euei 456 912) 46 
29-293.5 Deeg gods 883« 70. «55-63 32 7 ae 
30-89 Brine 41988 1459 (500 56. 62 19 98.28 
28-158 4.4% 2372 10572600 43 59 32 33 
= 1515 455° 7862560 30 58°28 46 75 
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TABLE V-19 


Relative Atomic Ratios of Metals in 
Thompson Creek Deposit 
Antimony is taken to be l 
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Molecular ratios of Pb, Ag, Sb in Thompson Creek 
ore deposit, Frances Lake district. (a) Pb vs. 
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Plotting of average molecular ratios of Pb, Zn and Cu in a Pb-Zn binary 
plot and Pb-Zn-Cu ternary plot (Fig. V-23 a and b) shows that the Thompson 
Creek deposit plots slightly above the Pb-Zn trend line of major conformable 


ore deposits, whereas it shows similarity to these deposits in Pb-Zn-Cu plot. 


Dy HOWARD'S PASS DISTRICT 

1. Ore-bearing Sediments 

Chemical analyses of drill hole samples of cherty to calcareous silt- 
stone containing lead-zinc mineralization eee for Placer's main zone 
and the Pas claims of Dynasty-Shield Resources by means of MRFAPE spectrom- 
etry. The results are given in Table V-20. Pb, Zn grade of 33 representa- 
tive samples from drill hole ore-bearing siltstones in Placer's main zone 
and data on average element content of 300 samples of sediments in the 
Ordovician strata (which includes the ore-bearing unit in the district) are 
given in Table V-21 and Table V-22, respectively (Morganti, personal commu- 
nication, 1975). Data in Tables V-20 and V-21 characterize the concentra- 
tions of major and minor elements in the ore-bearing siltstone unit whereas 
data in Table V-22 summarize the overall background concentration of major 
and minor elements in the Ordovician Road River Formation in the Howard's 
Pass district. 

Geochemistry of metal-rich black shale and related rocks has been the 
topic of many studies in the literature (e.g. Krauskopf, 1955, 1967; 
Vine, 1966, 1969; Vine and Tourtelot, 1969, 1970; Davidson and Lakin, 1961, 
1962). Geochemistry of stratiform lead-zinc deposits in argillaceous rocks 
has also been extensively discussed in the literature, notably, McArthur 
River deposit (Croxford and Jephcott, 1972; Lambert and Scott, 1973), Mount 


Isa deposit (Stanton, 1962), Kupferschiefer deposit (Wedepohl, 1964, 1971; 
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Fig. V-23. 


(a) 


Molecular ratios of Pb, Zn, Cu in Thompson Creek ore 
deposit, Frances Lake district. (a) Pb vs. Zn; trend 
line of conformable Pb-Zn deposits is after Stanton 
(1958). Circles: average ratio of a single drill hole 
ore horizon; square: average ratio of ali drill holes. 
(b) Pb-Zn-Cu. Circles are conformable Pb-Zn deposits 
in Australia, Ireland and New Brunswick (after Stanton, 
1958). Square: average ratio for Thompson Creek 
deposit. Also shown are F: Faro, V: Vangorda, G: Grum, 


S: Swim Lakes. 
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TABLE V-21 


Ore Grade of Siltstones from Drill Holes and Trench, 
Howard's Pass District 


DDH Footage Pb zn DDH Footage Pb Zn 
6 234 0.31 0.50 30 345 1.25 6.22 
B74 0.02 0.10 346 1225 6.23 

288 va20 9.68 353 i eas 6.32 
466.5 1243207 13-40 355 17 6.30 

12 231 17.60 16.10 32 168 3.00 5.72 

15 233 1256 9.76 Wis 20 @ 11.760 

18 444 1.76 2.19 178.5 2. FO 11. 76 
502.5 2.34 2.61 189 99 0.80 

29 167 0.24 0.61 vie 267 Dep re 8.24 
314 4.75 13.80 330 14.70 15.00 
328.5 Gly 8.05 330A 14.70 @ 15700 
362 2.34 8.64 36 279 «= sé 5 25 GSO 
381 8.08 10.00 37 270 1.07 5.68 
418.5 2.96 11.50 Trench #4-3 3285 23.57 
426.5 Bare = 710.60 (Pas claims) 
434.5 0.96 3.84 P-1 144 1560 @ 17.25 
437.5 1423 8.32 P-2 215 0.14 2 0.90 
562.7 2.42 3.56 225 0.23 a8 
563 IRA, 3.56 


519.3 2.30 ae Average 3.8338 7.2695 
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Haranczyk, 1970). Common features of element enrichment exist in those 
deposits and shales, but as would be expected from the various possible 
processes of enrichment, some characteristics observable in some deposits 
are not readily seen in others. The mechanisms for enrichment of trace 
metals in shales include principally ionic substitution in clay minerals, 
adsorption on clay minerals, adsorption on metallic hydroxides, precipi- 
tation of insoluble compounds (e.g. sulfides), and adsorption on or reac- 
tion with organic matter. A more realistic approach to the geochemistry 
of metal-rich black shales has been made by the Sridy of Vine and Tourtelot 
(1970). From a statistical analysis of chemical data of 779 samples from 
North American sedimentary provinces, they concluded that characteristic 
metal enrichment can be best correlated with and explained by element 
| occurrence in different component fractions of an argillaceous rock —— 

(i) detrital mineral fraction: Al, Ti, Ga, Zr, Sc; also may include 
meg >, Ba,.Na, K, Me, Fe. 

(41) carbonate fraction:" Ca, Mg, Mn, Sr. 

(i11) organic fraction: locally Ag, Mo, Zn, Ni, Co, Cr, V; less 
mmmemty CO, Pb, La, ¥; Se, U, Ti: 

In a large number of cases, enrichment is correlated with organic fraction. 
Geochemical studies of McArthur River and Kupferschiefer deposits also 
support the definite enrichment of V, Mo, Ni, Cr, U, S, etc. in organic 

or bituminous components. 

Comparison of the mole percents of Pb and 2n (Fig. V-24) shows a crude 
positive relationship with an average lying very close to the trend line 
for the conformable ore deposits in the world. Another characteristic 
feature is that Pb and Zn appear to decrease in concentration upward in 


a drill hole and to have a repetition of or "cyclic" enrichment starting 
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Fig, y- ; 
8- V-24. Molecular ratios of Pb and Zn in ore-bearing siltstones, 
Howard's Pass district. Square: mean ratio. 
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every 100 ~ 150 feet towards stratigraphic top (DDH29, Table V-21). The 
overall variation of Pb and Zn is quite large due to the very fine-grained 
and delicately laminated nature of most of the ore-bearing siltstones. 
Comparison of elements in Tables V-20 and V-21 reveals the following 
characteristic features (Figs. V-25 and V-26): 
| (i) Positive intercorrelation in four groups of elements - V, Ni, 
Mmepecu, Fe, Ag (Fig. V-25a, b, c, and Fig. V-26c), Ti, Al, V (Fig. V-25d 
mame, Ca, St, Ba, K.(Fig. V-26¢, h,- and i) and Cd, Zn (Fig. V-26e). 
(ii) Negative correlation among Pb, Zn has Cu, Fe; Ag, V, Ba @ig.:- 
Bezoc and Fig. V-26a, b, c, d, f). 
(iii) Slightly negative to constant correlation between Pb, Zn and 
K, Na or Al (Fig. V-25f and g). 
Carbonaceous or organic erierric omnipresent in ore-bearing silt- 
stones; enrichment of V and Ni may be related to this organic matter. 
The positive correlation of Cr, Cu, Fe and Ag with V and Ni indicates a 
possible genetic relationship between these elements and organic fraction. 
Al, Ti and part of V probably occurs in either authigenic or detrital grains 
Such as roscoelite or other mica or clay minerals. Ca and Sr and partly 
Ba probably are enriched in carbonate fraction, while some Ba and K are 
Probably enriched in detrital feldspar fraction. Cd is positively corre- 
lated with Zn indicating its enrichment in sulfide fraction. 
On the other hand, Pb and Zn are enriched in specimens in which Cu, 
Fe, Ag, V and Ba are low, suggesting that Pb and Zn may have a different 
Source and probably are not associated with organic fraction. 
The nearly constant correlation between Pb, Zn and Na, K and a slightly 
Negative correlation between Pb, Zn and Al indicate that Pb, Zn were added 
to or substitute (overwhelmed) the authigenic or detrital mineral accumu- 


lation during syngenetic or diagenetic processes. 
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Comparison of elements in ore-bearing siltstones, Howard's 
meceuaistrict. (a) o: Ni vs. Vs +i-Ni vs." Cos Gb) os Cr 
Wormerecces Fe vs. Co; €c) o: Fe vs. V3 +4: V vse Zn. 
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Fig. V-27 summarizes the distribution of elements tn ore-bearing silt- 
stones as compared to their background concentrations in all other rock units 
in the district. Slight enrichment of concentration levels of Ag, Co, Cd, 
Fe, and Na and almost unchanged concentration of Cu, Ni, Mn, Al and Ca in 


ore-bearing siltstones can be observed. 


ae Sphalerite 


Sphalerite in ore-bearing siltstones A re occurs as fine-grained 
disseminations or laminations with coexisting Bissetetic pyrite and galena. 
Analyses of sphalerite from drill hole ore-bearing siltstone samples were 
made by means of electron microprobe using an energy dispersive detector. 
Similar operating conditions and correction procedure to the Anvil and 
Thompson Creek sphalerites were employed. The results and caiculated mole 
percents and stoichiometry are given in Tabie V-23. 

FeS mole percents in sphalerite do not show any direct relation either 
to depth or lateral extent. The overall concentration of FeS is low (0.63 
to 4.94 mole %, average 2.27 mole %). X-ray scanning traces (Fig. V-28) 
and photomicrographs (Plate V-4) across individual sphalerite grains reveal 
no significant inhomogeneity or zoning. The concentration level and the 
Tange of FeS are comparable to those from low temperature hydrothermal- 
sedimentary ore deposits, such as Kuroko deposits (rangececsO. tk VhOa2cres 
Mole Z, average: FeS mole %; Urabe, 1974), and sphalerites in drill cores 
from the Waiotapu geothermal field, New Zealand (range: 0.4 . 3.5, average: 
2.0 FeS nole %; Browne and Lovering, 1973). 

If sphalerite crystallized at iow temperature in equilibrium with pyrite 
and if the relation between activities and molalities of FeS do not change 


in the sphalerite-pyrite field at low temperature, then it is possible to 
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Fig. V-27. Distribution of elements in ore-bearing siltstones as 
compared with that in the background (dash line), 
Howard's Pass district. F: frequency. 
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estimate sulfur fugacity during sphalerite formation. Fluid inclusion and 
sulfur isotope studies indicate that the ores formed at around 150°C and at 
a fluid pressure of about 50 bars (see Chapters VI and VII); extrapolating 
the data of Barton and Toulmin (1966) and Scott and Barnes (1971) down to 
150°C without correcting for pressure effect (Fig. V-29), the corresponding 
sulfur fugacities range between Lore to 10e. >, with an average of 10 
(for FeS mole % between 0.6 and 5.0). 

Low FeS contents are found to be characteristic of sphalerites crys- 
tallizing at low temperatures in equilibrium with sulfur-rich iron sulfide 
such as pyrite, greigite or smythite (Scott and Kissin, 1973; Williams, 

1974). Sphalerites in the Howard's Pass district usually coexist with pyrite 
Which recrystallized or grew diageneticaliy from Cronhotgal iron suifides 
derived from greigite or other incipient pyrite gels. 

Total load pressure estimate cannot be made for the sphalerites because 
of the lack of validity in extrapolating the sphalerite geobarometer proposed 
by Scott and Barnes (1971) and Scott (1973) below about 250°C. Due to slope 
Teversal of sp-py-hexagonal po to sp-py-monoclinic po phase boundary and 
Sharp shift of the sp-py-monoclinic po boundary to lower FeS content CEL. 

Fig. V-7), extrapolation is difficult. A study on the sphalerite composition 
in Broadlands geothermal field, New Zealand by Browne and Lovering (1973) 
also confirms the lack of validity of the sphalerite geobarometry below 


about 300°C. 
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Fig. V-29. Sulfur fugacity vs. temperature diagram 
showing mole % FeS in sphalerite at 1 bar. 


. 
t 
PA ae) 
, i ' 
wy, . 7 4 ' , P 
\ , 
ti 
a) 1 
ra RP ’ 
1? ' , 
: | i 
’ | | 
Ah ha hr 
| j » I 
i R ‘ | 
| d 0 
a ae | 
rn 
: ; : 
fh) ; , 
Mek 
~ : i 
7 h 
| te 
ee ) 
‘ | | 
ys \ 
ru ; } 
7 y 
x 
Me | 
a! J ' 
, 
>! 
é 
} ® 
My 
: : 
h t 
j 
vo 
q 
i 
1 nT 
} 
. ¢ 
4 U 
7 
b 
Y 
fe i 
i 
{ 
‘ fa 
, ) a 
LU i | 
re | 
h f | ae 
ie ‘| , M4 : 
} } & 
ty ard 
i 
i 
y * i 
‘ ‘ ” ’ 
ee , 
we i t: 
ei fi ia h 
o ‘ : 
1 ; A 
» ; 4 i A 
eae, 
Mew ' 
im 7 a 
> i 
; a Lal 
" 
¢ ; 
i 


PLATE WV =) 


ELECTRON MICROPROBE X-RAY PHOTOMICROGRAPHS OF ORE SPECIMENS 


DDH66-2 400: 


DDH66-2 400: 


DDH66-2 400: 


DDHA10--616: 


Swim-X: 


Swim-X: 


Anvil Range, Yukon 


Average atomic number composition figure. 


' Sp: sphalerite, Gn: galena, Sd: siderite. 


FeKka distribution; black areas are quartz or barite. 
MnKka distribution; bright areas are Mn-siderite. 
FeKka distribution; Mc: marcasite. | 

FeKa distribution; Mgt: magnetite. 


MnkKoa distribution; bright areas are Mn-Mg-siderite. 
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PLATE V-2 


ELECTRON MICROPROBE X-RAY PHOTOMICROGRAPHS OF SPHALERITES 


Thompson Creek Deposit, Yukon 


DDH25-402.5: Average atomic number composition figure. 
' Sp: sphalerite, Bl: boulangerite. 


DDH25-402.5: FeKa distribution; bright areas are pyrite. 
DDH25-464: FeKa distribution. 
DDH25-464: MnKa distribution; bright dots are Mn siderite. 


DDH24-286.5: Average. atomic number composition figure. 
Sd: siderite. 


DDH24-286.5: FeKa distribution. 
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PLATE V-3 


ELECTRON MICROPROBE X-RAY PHOTOMICROGRAPHS OF SULFOSALT MINERALS 


Plate V-3a 


DDH4-43.5: 


DDH4-43.5: 


DDH4-43.5: 


DDH4-43.5: 


DDH4-43.5: 


DDH14-250: 


DDH14-250: 


DDH14-250: 


Plate V-3b 


A. 


DDH6~34.5: 
DDH6-34.5: 
DDH6-34.5: 


DDH6-34.5: 


Trench 572-6: 
Trench 572-6: 
Trench 572-6: 


Trench 572-6: 


Thompson Creek Deposit, Yukon 


Average atomic number composition figure. 


PbMa. Me: meneghinite. 

SbLa. 

Cuka. 

AsLa. 

Average atomic number composition 
PbMa. 


SbLa. 


Average atomic number composition 
PbMa. 
SbLa. 
Cuka. 
Average atomic number composition 
PbMa. 
SbLa. 


CuKka. 


figure. Bl: boulanger: 


figure. 


figure. 
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PLATE V-4 


ELECTRON MICROPROBE X-RAY PHOTOMICRCGRAPHS OF ORE SPECIMENS 


DDH6-274: 
DDH6-274: 
DDH29-—579.3: 
DDH29=57/9. 3: 
DDH32-177.5: 


DDHS2= 277 35: 


Howard's Pass District _ 


Average atomic number 
FeKka. 

Average atomic number 
FeKa (bright dots are 


Average atomic number 


FeKa (bright rounded dots are framboidal pyrite, . 


composition figure. 


composition figure. 
framboidal pyrite). 


composition figure. 


bright aggregates at right are single-crystal, 


“ore stage" pyrites). 
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Chapter VI 


FLUID INCLUSION STUDIES 


A. INTRODUCTION 

Tiny inclusions of fluids such as aqueous solution, carbon dioxide, 
611, etc. ie trapped during crystal growth or recrystallization in eae 
ous geological processes. . New phases such as gas bubble, immiscible li- 
quids, daughter minerals formed in these trapped inclusions upon cooling. 
These fluid inclusions provide us with.a direct record of the fluid media in 
which occurred many geological processes, including ore deposition. A 
study of fluid inclusions in ore or closely associated gangue minerals 
provides certain important physico-chemical data for the fluid media from 
which these minerais were formed. | 

A reliable distinction between primary, pseudosecondary and second- 
ary fluid inclusions is essential to a meaningful inclusion study: Care 
must also be taken to avoid using inclusions which may have subjected to 
Changes after the initial fluid entrapment; processes such as leakage 
(natural or artificial), necking down, etc. could greatly modify the true 
fluid compositions. Most of the criteria of inclusion origin applied in 
the present study have been reviewed by Roedder (1967,..19/2)...° inebelet, 
fluid inclusions can be classified into three types: inclusions that 
were trapped by sealing off ctystal growth irregularities or fluid inhomo- 
8eneities during the formation of the enclosing mineral (primary inclu- 
Sions), inclusions trapped by healing fractures formed in the crystal dur- 
ing its growth (pseudosecondary inclusions), and inclusions that were 
trapped by healing of fractures formed at some subsequent time (secondary 


inclusions). 
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Primary inclusions are identified mainly by the following criteria: 
(i) restriction to growth layers which sometimes are defined by 
color banding, growth lines with minute mineral "debris", etc., 

(ii) attachment to inclusions of foreign minerals caught up by the 
host crystal during its growth, 

(iii) sharp truncation at twin contacts or extension into both sides 
of a twin, 

(iv) large, scattered "isolated" inclusions that were not associated 
with fractures or other secondary features, - 

(v) inclusion distribution which outlines "ghost" crystal forms or 
growth layers as tear-like, bullet-like, and needle-like forms. 
Pseudosecondary inclusions are identified by the following criteria: 
(i) inclusions occurring in short, limited healed fractures within 
individual growth layers or on crystal growth surfaces, 

(ii) inclusions that align in a plane and grade downward in size 
toward the center of a host crystal, indicating that the crack was widest 
at the surface of the crystal and tapered inward. 

In addition to these criteria, freezing and filling temperatures of 
Some of these pseudosecondary inclusions were feed to distinguish them 
from secondary inclusions which presumably formed under greatly different 
temperatures to those of the primary inclusions. However, the distinction 
between pseudosecondary and secondary inclusions often proved difficult; 
Most pseudosecondary inclusions were tentatively identified on the basis 
of their peerrence on healed fractures of short extent occurring deep in 
the host crystal. Secondary inclusions were easily identified as those 
occurring along healed fractures that completely crosscut the host crystal 


OY at least reached one exterior face. In aggregate samples of a given 
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mineral and in intergrowths of minerals, inclusions in any plane crossing 


the grain or mineral contacts were regarded as secondary. 


B. EXPERIMENTS 

Extensive observation and description of physical properties of fluid 
inclusions (such as size, shape, distribution, type, fluid and solid phases, 
refractive indices, and filling degrees of fluid phases) were made by means 
of ee otical microscope. The fluid inclusions were studied in thin, flat 
plates, polished on both surfaces; Siete thicknesses were generally kept 
to 1 m or less for good optics and to reduce thermal lag in subsequent 
heating or freezing experiments. Small chips of specimens containing fluid 
inclusions were observed under microscope while being crushed in solvents 
with a specially designed crushing stage (Roedder, 1970). Qualitative 
identification of gases in the inclusions vapor bubbles can be made on 
the basis of the solubility and reaction of various gases (water vapor, 
C09, CH4, etc.) in different solvents (glycerine, BaCl2, Ba(OH)2, kero- 
sene, etc.). 

Freezing and heating experiments on fluid inclusions were eeey red on 
a freezing-and-heating stage attached to elements of Chaixmeca microther- 
mometer in the Fluid Inclusion Laboratory, Department of Geology, under 
the supervision of Dr. Roger Morton. Extensive calibration of the micro- 
thermometer against the freezing and melting points of synthetic standards 
Over a wide range of temperatures (-120°C to +500°C) were carried out be- 
fore, in between and after the experimental studies of the inclusions. The 
instrument yields temperatures with a standard deviation of +0.5°C over the 
temperature range calibrated. . To reduce thermal lag and obtain thermal 


fquilibria, all freezing and heating experiments were made with a heating 


rate of 1°C/minute or slower. 
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C. ANVIL RANGE DISTRICT 
Fifty polished plates were prepared from ore and gangue minerals 
(sphalerite, quartz, barite) in aggregate massive sulfide samples from 
Faro, Grum and Swim Lakes ore deposits. After extensive observation and 
identification, only thirteen specimens were found to contain fluid in- 
clusions optically good enough for freezing and heating experiments. A 


total of 26 freezing experiments on 29 fluid inclusions and 32 heating 


experiments on 26 fluid inclusions were made. 


1. Types of Inclusions (cf. Plate VI-1 and Plate VI-2) 

‘Several distinct types of fluid inclusions were distinguished in the 
Anvil minerals on the basis of their degree of filling and manner of homo- 
genization. Each of these is pad wie ee of a distinct type of original 
fluid or special conditions of entrapment. In many cases, only a small 
percentage of the inclusions present in a given sample could be classified 
with certainty and some samples containing many otherwise satisfactory in- 
Clusions had to be rejected because they could not be classified confidently. 
The following types were identified: 

(i) Type I - liquid-rich inclusions: this type of inclusion is the 
Most common and occurs in all the minerals examined. It is characterized 
by high degrees of liquid filling with the vapor content ranging from a 
few percent to as high as 30%. All of these inclusions in minerals except 
Vein barite homogenize in the liquid phase at temperatures ranging from 
168° to 252°C. Their salinity is generally low and quite uniform, ranging 
from 2.3 to 9.2 wt. % NaCl. Type I inclusions were probably produced by 
the entrapment of original liquids at hydrothermal temperatures. The li- 
quids were probably homogeneous dilute aqueous brines during massive sul- 


fide deposition. 
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(ii) Type II - gas-rich inclusions: these inclusions are character- 
ized by very large vapor bubbles that occupy at least 60¥70% of the inclu- 
sion volume. The vapor phases contain certain amounts of compressed C09 
gas in addition to water vapor (steam) but not enough to form visible 
liquid COz on cooling of the inclusions. Type II inclusions are very rare 
in the Anvil minerals, and are seen only in one specimen (67-4 460 quartz) 
in which they occur om pha type I inclusions. They probably represent 
entrapment of a dilute gas-like fluid of low density containing water vapor 
and small amount of compressed supercritical C09. 

(iii) Type III - 3-phase liquid inclusions: these inclusions are 
characterized by the presence of a vapor phase and two liquid phases: an 
aqueous phase and a liquid CO? phase. These inclusions homogenize in the 
liquid phase at temperatures eres type I inclusions, ranging from 
250° to 270°C. Minor occurrence of type III and type I inclusions in close 
proximity suggest immiscibility of a H20-rich fraction and CO2-rich frac- 
tion in some of the inclusion fluids. Most of the type III and coexisting 
type I inclusions appear to be pseudosecondary in origin, and they consti- 
tute only a minor portion of the inclusions examined. Type III inclusions 
are somewhat more common in minerals from Swim Tales deposit, but the total 
Number of specimens studied is small and probably does not fully represent 
the real situation. 

(iv) Type IV - multiphase daughter mineral-bearing inclusions: these 
inclusions contain, besides a vapor and an aqueous liquid phase, at least | 
One daughter mineral, and some as many as three daughter minerals. Halite 
is by far the most common daughter mineral; it was identified by its cubic 
form, isotropism, low relief against quartz, and its formation of NaC1l+*2H20 


Upon freezing. A second mineral with simple cubic form is suspected to be 
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sylvite on the basis of its rapid solution on heating and its failure to 
form hydrate upon cooling. Some opaque minerals, mostly unidentified but 
suspected to be hematite, occur as specks or flakes in a few inclusions. 
Roedder and Skinner (1968) suggest a mechanism of auto-oxidation of the. 
inclusion fluids caused by leakage of hydrogen as being responsible for 
the formation of iron oxide. These opaque specks remain undissolved even 
at temperatures much higher than the filling temperatures of the inclusion 
fluids. Daughter mineral-bearing inclusions are generally very rare and 
constitute less than 5% of the primary and pseudosecondary inclusions 


examined. 


2. Results 


Data and information directly obtained from the freezing and heating 
experiments and other physico-chemical data derived from the experimental 
results are summarized in this section. 

(a) Freezing Reactions and Products. In most specimens examined, the 
freezing behavior of the inclusion fluids is normal for NaCl-bearing brines. 
Ice forms in the majority of the undersaturated inclusions with less than 
23.3 wt. % NaCl (Roedder, 1963). The ice is distinctly seen as rounded 
8rains of high negative relief and low birefringence in inclusions as it 
ri... Vapor bubble becomes strongly deformed when the inclusion fluid is 
frozen, generally down to -80°C or lower. For a few daughter salt-bearing 
inclusions , those inclusions containing visible halite crystals are very 
reluctant to freeze, even down to -90°C, and the products are commonly 
very difficult to see in the supercooled inclusions ; presumably the halite 
Teacts with the enclosing brine to form NaCl 2H20 (Roedder, 1963) and does 


: ° 
not reappear until temperatures rise to its melting point of around 0°C. 
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Daughter salt mineral suspected to be sylvite does not react to form any 
hydrate during freezing, nor do the suspected opaque flakes of hematite. 
Liquid CO9-bearing type III inclusions can be identified below the criti- 
cal point of CO» (+31°C), and in some cases, apparent type I inclusions. 
develop an annular ring of liquid C092 suse below 10°C, thus confirming 
Phair type III character. } 

A few inclusions with large bubbles of compressed gas yield vague, 
jagged but visible masses of een isotropic material at temperatures 
moeto about 5° to 6°C; this material is probably CO hydrate (co2°5 + 
Hj0) and not liquid CO5. As the inclusions warm up, this jagged material 
gradually smooths out and dissociates into a small liquid phase and the 
main gas phase. The significance of the dissociation temperatures of C02 
hydrate will be discussed later. 

Since liquid C09 phase at room temperature (25°C) has a pressure of 
63.8 bars, the appearance of liquid CO? phase just below room temperature 
indicates that type III inclusions in the Anvil minerals must have formed 
at a pressure below 63 bars. 

(b) Salinity. Freezing methods developed by Roedder (1962, 1963) 
offer the best way of estimating salinities of inclusions that lack daughter 
crystals of halite. Salinities are estimated from the freezing point de- 
Pression of the inclusion fluids as measured on a microscopic freezing 
Stage. It is assumed that the amount of NaCl that would be required to 
Be tiace the measured freezing point depression (equivalent NaCl content) 
is roughly the amount of the total salt actually present. 

Most of the primary and pseudosecondary inclusions in the Anvil min- 
ral belong to type I liquid-rich inclusions, therefore estimation of 


Salinity was made by means of freezing temperatures. Dissolution temper- 
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atures of daughter salt crystals do provide another means of estimating 
salt content (Keevil, 1942), however, it is not a universally valid method 
since salt crystal-bearing inclusions are very minor in the total popula- 
tion of fluid inclusions. 

Equivalent NaCl weight percents in all the inclusions tested are 
given in Table VI-1. The freezing temperatures reported represent averages 
of at least duplicate runs of final dissolution of ice upon warming from 
freezing down to -60°C or lower. First melting points of ice were gener- 
ally well above -21.1°C (first melting point of ae NaCl brines), ranging 
from -3° to -15°C. This suggests that most of the fluids present during 
ore deposition were indeed aqueous NaCl brines, and other dissolved salts 
such as KCl or CaCl2 were present in negligible amounts. 

One striking feature of the salinities of the Anvil ore fluids is 
their low and uniform salt concentrations in the primary inclusions. The 
average NaCl contents of ore fluids in the three deposits are: Faro, 

8.33 wt. 4; Grum, 5.93 wt. 4; and Swim Lakes, 5.152. 

The equivalent NaCl weight percents of type III CO 9-rich inclusion, 
as determined from Swim Lakes barites, are generally low and around 7 wt. &%. 
Type I inclusions in barite vein in massive suifides from Faro and Grum con- 
tain a similar concentration of NaCl, ranging from 6.5 to 7.7 wt. &. 

(c) Filling Temperatures. Filling or homogenization temperatures were 
Measured on the same fluid inclusions after each freezing experiment. In 
all runs, the heating rate was eat reduced as the filling temperature 
Was approached so that inclusions would have time to equilibrate. Repeated 
Tuns of the same inclusion usually checked to within 3° to 5°C. These 


Uncertainties are considered negligible experimental errors. 
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Filling temperatures of all inclusions examined are given in Table 
VI-1. The temperatures recorded were those at the exact moment when the 
fluid phases homogenized by expansion of the liquid phase. Minimum tem- 
perature in one specimen (A4-457 barite) is also listed since a clear 
image of the disappearing phase was lost above the quoted temperature. 
Pressure correction was not applied to the temperatures reported. Pressure 
correction is the amount of temperature which must be added to the filling 
temperature of an inclusion to obtain the true trapping temperature. If 
the fluid that is trapped in an inclusion is on the liquid-vapor curve 
of a P-T diagram (i.e. it is boiling or nearly boiling), there is no pres- 
sure correction needed for the filling temperature; both steam and liquid 
inclusions will then homogenize at the temperature of trapping. A pressure 
correction becomes necessary only when the pressure at the time of trapping 
was greater than this vapor pressure. As will be shown later, Anvil ores 
were formed on shallow seafloor at a fluid pressure of 45 to 140 bars; 
therefore we can estimate the amount of pressure correction for NaCi-H20 
System from the data of Klevtsov and Lemmlein (1959) and Lemmlein and 
Be cov (1961). The estimated pressure correction is an addition of about 
°C. 

Average temperatures (uncorrected for pressure) of primary and pseudo- 
secondary inclusions for the three deposits are: Faro, 215°C; Crum. 200-C: 
Swim Lakes, 195°C. Therefore the most probable trapping temperatures of 
Ore fluids for the Anvil deposits range from 205°C to 2255 

It is interesting to note that fluid inclusions in barite veins from 
Faro and Grum homogenize at a much lower and narrow range of temperatures 
(130°~133°C) than the massive sulfide ores. The nature of the occurrence 


Of these veins is not clear. If they were formed by fissure filling during 
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the late stage of ore deposition near the upper part of the orebody, then 
this temperature range probably set a lower limit for the sulfide deposi- 
tion. 

Pseudosecondary type III CO9-rich inclusions in barites from Swim 
Lakes and Faro homogenize at 257° to 270°C. According to Roedder (1967) 
and Smith and Little (1959), the filling temperatures would be true depo- 
sitional temperatures for inclusions that trapped only one of the two im- 
miscible phases, but maximum temperatures for inclusions that captured a 
mixture. Most of the filling temperatures from type III inclusions in 
Anvil minerals are between 257° to 270°C and are probably maximum temper- 
atures since they contain a mixture of COQ 9 and aqueous brine. 

(d) CO2 Contents. Fluid inclusions that contain 7\8 wt. % CO2 gen- 
erally show only apparent two phases at room temperature and do not show 
any visible liquid CO? phase (Takeuchi, 1971). Upon cooling, small amounts 
of liquid CO» or C09 hydrate form around vapor bubbles. For inclusions 
containing even less C02, only trace CO hydrate but no liquid CO2 phase 
would form upon cooling. Therefore, the phase proportions (volume) of 
liquid CO5 or CO, hydrate vary according to the concentration of CO7 in 
the inclusions. Takeuchi (1971) has shown that by usiae the volume pro- 
Portions of liquid CO) and vapor phase to those of the inclusions at low 
tetiperature (15°C), rough estimate of C07 weight percent can be made. 

Measurements of the volumes of liquid COj, vapor bubble and the in- 
elusions Pre een made in 6 pseudosecondary type III inclusions at around 
15°C by means of a micrometer ocular on a freezing stage. Using the dia- 
Sram (Fig. VI-1) as suggested by Takeuchi, weight percents of C092 are 
estimated from these volume measurements. The results are given in Table 


VI-2. Also shown are the estimated wt. % of immiscible CO2 in the pseudo- 


: ; Tans i a : a ah = A" an r war a yt ie > i 
i ‘5 ae vw, na) 
. = 


; Nie re 
gard |, ybodate snd to dang tagqu sat tHOG sian tae) °° ety 
ive dt vol thats aswel se Jos yidadorq egnex oth i 


3 


— 


~tenoadeb obi 


— 7 i) < 
| 
sty? mori eetizad ot anoteoloa® to Et ed TII sqys yrshnoose 
j ; = 


Aer) yebbeoH o2 tem > 


‘osah DOTS od “VES Ga estusgomod a 


t blvew sesuI nteqinas gilt to sity steer): otn3hd | 


ab apts 36 


—— 


i 1t si 2o ono ¥iad beggs +t sadd etotavlont rot comut git 


jad anolasisak 202 as 1896 T9q09- -umbxam tid a: 


towlont ITI oayd moe eytulKrodmes sottiba’ edz 10 380 
not mustxen, yidedoxrq otk one a OKs. od oc es mawsed. a 
td ayneups Bae gO to ote & fkeIn09 heh d 
aw Sv nteaeos ana Bi a btart Bin angg Ou ) se 


= 


woda 300 ob bre oma etoqanY moors 3. eeantig ont Aneta 


» ae 
c 


examen 1) y oni Tea aor OESEL hake t) “spiiéd 208, biup 


wre : ar ‘ adie t 4° 
¢ id ¥ 


mot =. nalddne ce bao ts arrex edeabyi 500. 70° 


arotaulon? 


9 bkupki on send esktbyed ~ aoht x Yldo 20 agel f 


owe tq {el 


E 


to 6(sanlov) aiib kszOqor sasig arts  $vatennal garteod 


ar cD te, aoksaxiaop@o afi of grtbtasos yssv saat 300 


- 


_ 7 
7 


apoilow eds poten vd feds oworle and cver) EdsvedaT « Bie 
ee 
wot 2m opaaneson’ 913 to S203 of cae roqsy bus 909 brut 


ae 


oa 


.sbam-ad ato, tnsoteq ie °09 to ptemidse,fguos 4 (* 


is! "7 < VOL ae ii 7 


“rt eds bas oL dita, Bogen -«g btuptt, vi séauhov ons: -t0 8 
7) | ote ay, 

bavo1s 3s eockauloak 321 aq ciabovaseobueng a ot sbam ¢ 1 d ove rf 

aa ¥ 


“sib arta qe anes gaisoor2 @ oO saluve resea0%2 be orn 


Hi, 
aia ¢OD . aanso pg) sds tox iowa xd) sedan aw & 


Dp” .? ne i cy 
oldsT sk sevig ota atlvess ont . -sansownnesia emu Lov oti 


‘7 ‘ Feb ae 1 


~obumag oda nit 309 al étoatint 39) x ae + Bo stdeb ora : onf 


me er 5 Al os il! Pra ae 
int a! Cae ee ig ' 
; | a - 


SUT 


re | 
oD Xe Fst) 

| 070 0,60 0.50 0.40 0.30 0.20 
70 Vhs YA 
- 015 
50 


40 


30 


20 


Fig. VI-1. A diagram for estimating CO2 wt. % by volume 
ratios of phases in fluid inclusions. A: 
vapor bubble volume; B: liquid CO2 volume; 
C: C09 hydrate volume; D: inclusion volume 
(after Takeuchi, 1971). 
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. secondary inclusion fluids. The overall estimate of the concentration 
of immiscible CO? in the fluids averages about 5 wt. %, or about 2 mole %. 

The uncertainty in estimating thicknesses of inclusions contributes 
the largest errors to the volume estimates; although care was taken to 
measure those inclusions with symmetric dimensions, such as spheres, 
Eiipecotas, cubes or rectangular cubes. However, it is felt that these 
estimates of COj concentrations are adequate and valuable for the pur- 
pose of semiquantitative evaluation of immiscible CO2 concentration level 
in the inclusion fluids. 

(e) Fluid Densities. Knowing the salinities and filling temperatures, 
it is possible to estimate the densities of the ore fluids from the ex- 
perimental or theoretical data for H20-NaCl system given in the literature 
(Lemmlein and Klevtsov, 1961; Ellis and Golding, 1963; and Haas, 1971). 
Strictly speaking, densities derived from these data are actually critical 
densities at the vapor-liquid 2-phase fields for aqueous salt solutions, 
and because fluid pressures on the system at the time of trapping are 
usually higher ian vapor pressures assumed, these densities must be con- 
sidered as maximum estimates. 

Density estimates are made for type I inclusions in all the minerals, 
and the results are given in Table VI-3. It is evident that estimates by 
the experimental data of Blige and Golding (1963) apree well with those by 
the theoretical data of Haas (1971); estimates of densities by the experi- 
mental data of Lemmlein and Klevtsov (1961) are lower by as much as 0.05 
gm/cc. Pies densities are in reasonable agreement with estimates of 
Roedder (1967) who infers that most hydrothermal ore deposits have formed 
from fluids with densities carnaily in the range of 0.5 to slightly over 


1.0 gm/cc. 
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TABLE VI-3 


Density Estimates of Type I Inclusion Fluids 
In Barite and Quartz, Anvil Ore Deposits 


———————————_ee_caoOo 


Density (gm/cc) 


Sample Mineral (1) (2) (3) 
(Faro) 

66E9 401 Q Os 00 O50 1eOu8s 
66-22 305 Brt Ot: y OE ;Y Ae OEY 
67-4 460 Q 0.92 0.93 0.88 
67-6 602 . Brt 087 270TSserinE?2 
70-6 249 Brt (vein) 0.97 0.98 0.93 
(Grum) 

Al0 774 Brt (vein) 0.97 0.98 0.93 
A10 802A — Brt 0.91 0.91 0.88 
A12 819 Q 0586. "O87" 60483 


(Swim Lakes) 


A4 296 Brt 0.90. 0,90, 0.87 
A4 457 Brt 0.90 0.90 90.85 
A30 397 Q 0.91 0.92 0.85 
Swim X Brt 0290). C0291 POsSS 
Swim 9 Brt On.63 20. 8/0086 


(1) Ellis and Golding (1963) 
(2) Haas (1971) 
(3) Lemmlein and Klevtsov (1961) 
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At the time of massive sulfide ore deposition, the ore fluids were 
dilute aqueous brines of moderately low densities (0.8 to 0.9 gm/cc) 
while the temperatures were moderately high (200°C or more); at the time 
of vein emplacement, densities of the ore fluids rose to about 0.97 gm/cc 
with a decline in temperatures (130°V140°C) and a maintenance of similar 
fluid salinity. 

For the sake of a complete record, densities of liquid CO and gas- 
eous CO9 in type III inclusions have also been estimated from the empiri- 
cal data given by Amagat (1892). Liquid CO? in the inclusions generally 
homogenize in the temperature range of 10° to 20°C, corresponding to den- 
sities of liquid CO, of 0.86 to 0.77 gm/cc and to those of gaseous C02 
of 0.13 to 0.19 gm/cc. Corresponding CO5 pressures (Pco,) are between 44 


to 56 bars. 


3.__ Discussion 

From the above data, it is possible to present some pertinent inter- 
pretations concerning the possible variation of density, salinity and tem- 
perature in the ore fluids, estimates of depositional pressure, water 
depth and the possible role of boiling during ore deposition, and the 
nature of immiscible CO -rich fluids. 

(a) Density-Salinity-Temperature Variation. The aqueous brines as 
how preserved in the fluid inclusions in the Anvil hydrothermal minerals 
are possibly the mixture of an ee hydrothermal solution and sea- 
water, as the Anvil deposits were believed to have formed in a marine 


Sedimentary and volcanic sequence. The mixing mechanism is also indicated 


by the following evidence. 
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Firstly, a positive correlation exists between salinities and tem- 
peratures of the aqueous brines (Fig. VI-2a). Mixing of an ascending 
hot and relatively saline brine with cold seawater* (containing 2.9 wt. 

%Z or 0.5 m NaCl at 20°C) will give rise to small temperature and salinity 
variations in the finally mixed aqueous brine from which ore deposition 
occurred. Hotter brine, presumably least subjected to mixing and cooling 
process, will maintain a higher salintiy approaching that of the ascend- 
ing solution; whereas the cooler brine will be less saline due to a larger 
degree of mixing with seawater. 

Secondly, a negative correlation exists between densities and temper- 
atures (and thus a negative correlation between densities and salinities) 
of the aqueous brines (Fig. VI-2b). Density of seawater at 20°C is about 
1.023. Higher density and lower temperature are to be expected in the 
brine with increasing fraction of seawater in the mixture. If the orig- 
inal aqueous brines had a density lighter than seawater, it would float up 
in the surrounding seawater and mix rapidly with each other; as mixing 
proceeds, the density of the mixed brine approaches that of seawater (as 
evidenced by a density of 0.97 of the late stage fissure filling of barite ?) 
and may further exceed it. The result is that the brine will begin to sink 
and flow downward along depressions, forming brine pools similar to those 
of the Red Sea. 

Other independent evidence supporting a mixing mechanism comes from a 
Slight negative correlation of salinity with sulfur isotope compositions of 
sulfides (Fig. VI-2c). The correlation is not distinct and probably reflects 


a limited number of samples or a complex fractionation process other than 


a 
*For the present purpose, the temperature and NaCl concentration of seawater 
May be considered constant throughout geologic time (see Holland, 1965b). 
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Fig. VI-2. Correlation of salinity, density, and temperature 
data of fluid inclusions in Anvil minerals. 
Solid circles: type 1; open circle: type IIT; 
crosses: type I in barite veins. 
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simple mixing with seawater in the final fixing of isotope compositions 
of the brine. Cambrian seawater probably had a 6834 of 31%. Heavier 
6834 sulfides were precipitated from brines with an increasing admixture 
of seawater. The indistinct correlation is also due to the complex par- 
tition of dissolved sulfur species in response to minor fluctuating con- 
| ditions, some of which probably arose through mixing by seawater. 

(b) Pressure and Water Depth During Ore Deposition. When the orig- 
inal aqueous brines were discharged on the seafloor and mixing with sea- 
water occurred, they must have been in a liquid state in order to form 
massive sulfide deposits on seawater-rock interface; boiling of these 
brines before reaching the seafloor would result in precipitation of all 
the constituents (including NaCl) in place, filling any open space avail- 
able (Ridge, 1973). The existence of stratabound massive sulfide deposits 
in marine sediments and/or volcanic rocks in many regions itself suggests 
that most of the "ore fluids" do not boil before they reach the seafloor. 
The chance of boiling depends largely on the vapor pressures and temper- 
atures of the ore fluids, salinity, confining pressures and depth of the 
overlying body of seawater. If the confining pressure on the ore fluid 
is larger than the vapor pressure at given temperature and salinity, then 
no boiling would occur. In this sense the confining pressure and water 
depth required to prohibit boiling below seafloor provide a minimum magni- 
tude, 

Confining hydrostatic (seawater, without an overlying layer of rocks) 
Pressure on the discharged "ore fluid" of the Anvil deposits can be es- 
timated from a fluid pressure-temperature diagram (Fig. VI-3) as a function 
of Salinity and density; this diagram is modified after Lemmlein and Klevt- 


Sov (1961) and Ohmoto and Rye (1970). Average values of filling temperatures 
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(pressure-corrected), salinities and densities obtained from primary 

type I fluid inclusions are used in estimating the hydrostatic pressures. 
The estimated confining pressures on the ore fluid of each deposit are 

as follows: 

Faro: . 140 bars (max. estimate*: 300 bars) 

Grum: 45 bars (max. estimate: 120 bars) 

Swim Lakes: 105 bars (max. estimate: 230 bars) 

The error in these pressure estimates is about 10% due to minor variation 
in filling temperatures. 

Vapor pressures of NaC1-H20 solutions as a function of temperature 
and salinity under hydrostatic head or in a compositionally-thermally 
layered system have been calculated by Haas (1971). Allowing the minor 
temperature variation of the Anvil ore fluids (200° to 250°C), the range 
of vapor pressures at known salinities of the ore fluids is estimated to 
be (cf. Table VI-4): 

Faro: 15.1% 38.6 bars 

Grun: 15.0 3825) bars 

Swim Lakes: 14.7 ~ 37.7 bars 

It is evident from the comparison of the eaetmaued hydrostatic pres- 
sures and vapor pressures of the ore fluids that most of the fluids must 
have reached the seafloor without boiling. Some cooling of the mixed 
brines may have taken place upon discharge and before precipitation of sul- 
fides. The original ascending fluids may have been added to the seawater 
at temperatures somewhat higher than those given by filling of fluid in- 
Clusions. If 260°C is taken arbitrarily as the initial temperature of the 


a 
*Estimate obtained by using maximum filling temperature and salinity data. 
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TABLE VI-4 


Vapor Pressures and Minimum Depths of Seawater 


To Permit a Solution to Reach Seafloor 
Without Boiling 
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original fluid, the corresponding vapor pressure will be around 44.46 
bars over the salinity range of 5 to 8 wt. % NaCl. This pressure is 
equal to the minimum confining pressure of the seawater (45 bars). If 
the initial temperature of the original fluid was about 300°C, corres- 
ponding vapor pressure will be about 80 to 83 bars. Since boiling evi- 
dence is generally lacking in fluid inclusions in Anvil minerals, the 
initial temperature would have to be lower than 300°C, possibly 250°C. 

The depth of the overlying seawater at the time of ore deposition 
can be estimated from the above confining hydrostatic pressure using a 
pressure gradient of 0.1145 bar/meter for seawater. Thus we obtain the 
depths as: 

Faro: 1230 meters (max. estimate: 2620 meters) 

Grum: 400 meters (max. estimate: 1048 meters) 

Swim Lakes: 920 meters (max. estimate: 2009 meters) 

The minimum depth to permit aqueous brines to reach seafloor without 
boiling is, at 250°C, 326.335 meters over the salinity range of 5 to 8 
wt. % NaCl (Table VI-4). Therefore the ore fluids must have been dis-— 
charged onto a seafloor at depths of more than 400 meters, and as deep 
as 1230 meters. Spooner and Fyfe (1973) AE eae hydrostatic pres- 
sures of overlying seawater at most mid-ocean ridges (+2 to +4 km deep) 
to be 200.400 bars; likewise, Ridge (1973) estimates a pressure of more 
than 209 bars over the Red Sea deep brines (Atlantis II) at a depth of 
about 2000 m. 

The above pressure and depth estimates are only of minimum magni- 
tude; the actual pressures and depths during ore deposition could have 


been greater. 
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(c) Nature of Immiscible CO9-rich Fluids. Immiscible CO9-H70 fluids 


as represented by coexistence of type I and type III pseudosecondary in- 
clusions probably represent a unique case of fluid immiscibility in a 
CO9-rich system under moderately high CO? pressure. 

It is not known whether the immiscible fluids occurred as a result 
of Brgvadic introduction of "deep-seated" juvenile solutions into the 
aqueous ore solutions or as metamorphic fluids introduced during recrys- 
tallization and metamorphism. 

Experimental data on the dissociation pressures of CO9 hydrate by 
Larson (1956) and Takeuchi and Kennedy (1965a) provide a means of esti- 
mating internal CO pressures in the inclusions. In some type III inclu- 
sions in 2 minerals from Swim Lakes deposit (A30-397 Quartz and Swim-9 
Barite) , CO5 hydrates dissociate to CO» gas plus aqueous brine at tem- 
peratures of about 5° to 6.2°C (Table VI-1), indicating internal C09 
pressures in the range of about 30 to 42 bars (Fig. VI-4). Since liquid 
C02 phases are also common below room temperature (10° to 20°C) ina lot 
of these inclusions, the internal CO) pressures must be at least as high 
as 45 bars. These liquid C07 phases are generally not visible at above 
20°C, indicating that the racer C02 pressures. are less than 56.3 bars 
(Amagat, 1892). The most probable range of C02 pressures for the immisci- 
ble fluids is about 3056 bars. The presence of NaCl and other dissolved 
Salts in the inclusion fluid would tend to lower this maximum limit of 
C02 pressures. 

Since C0) concentration in the overall immiscible fluids is estimated 
to be only about 5 wt. %, the most reasonable CO2 pressure appears to be 
the lower Himtteot 30 bars. Ovex the temperature range of 257 £02 7020 


and Salinity of 7 wt. % NaCl (I=1.2), the corresponding C02 fugacity (f£c0») 
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Fig. VI-4. Dissociation curves of C02 hydrate at low pressures 
(after Larson, 1956; and Takeuchi and Kennedy, 1965a). 
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in the immiscible fluids is about 43 bars (on? bars). It is noteworthy 
that this estimate from fluid inclusions agrees well with a £co. of 10mee 
at 300°C estimated from siderite-sulfide assemblages (Fe-C-0-S system) 
(Chapter V). 

It is likely that the immiscible CO9-rich and H90-rich fluids were 
introduced during "late stage'' sub-seafloor metamorphism by either mixing 
of "juvenile" CO.-rich fluid with "interstitial" aqueous brines present 
in the still permeable deposits or increasing concentration of CO? in 
late stage hydrothermal fluids. Takeuchi (1971) and Takeuchi and Kennedy 
(1965b) have shown that a decline in pressure or salinity would tend to 
concentrate CO? in hydrothermal solutions. The significance of sub-sea- 
floor metamorphism due to circulation of hot brines in geothermal systems 
has been emphasized by Spooner and Fyfe (1973). 

It is also possible that minor boiling of the late stage ore fluids 
might bring about immiscibility of CO ,-rich and H20-rich phases. It is 
not clear, however, why Swim Lakes minerals show a larger number of type 


III pseudosecondary inclusions, presumably this is due to sampling bias. 


D. FRANCES LAKE DISTRICT 
Ten polished plates were prepared from quartz and sphalerite from 
Thompson Creek deposit, Frances Lake district. All sphalerite specimens 
are too dim for optical observations of fluid inclusions or heating and 
freezing experiments. Only six aggregate quartz specimens were found to 
be suitable for fluid inclusion study. In addition, three quartz and six 
Siderite chip samples were observed in crushing stage under the micro- 
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1. Types of Inclusions (cf. Plate VI-3) 


Inclusion types identified in the quartz plates are essentially 
similar to those observed in the Anvil minerals, namely, type I liquid- 
rich inclusions, type II gas-rich inclusions, type III CO9-rich inclu« 
sions, and type IV daughter mineral-bearing inclusions. ae I inclu- 
sions make up about 50% of the total primary and pseudosecondary inclu- 
sions observed, while type II and type III inclusions are about 302%, 
with type IV inclusions about 10%. Secondary inclusions are mostly type 
I with minor type III. 

Type I inclusions commonly have a degree of filling of 70 to 902, 
but a few of them have a critical degree of filling as low as 50°60 percent. 
The latter inclusions fall in the gap between low filling degree inclu- 
sions and type II gas-rich inclusions which usually have filling degree 
below 35 to 20%. Type II inclusions are found in some specimens to co- 
exist with other types of inclusions. They are generally minor and con- 
stitute less than 10% of the inclusions. Type III inclusions are quite 
common and make up about 20% of the inclusion population; they can be 
further classified into three varieties according to their freezing and 
homogenization behaviors: the first variety has an annular ring of li- 
quid CO» formed around vapor phase upon freezing or expansion of inner 
vapor phase upon warming, the second variety has an tented vapor phase 
developed in the liquid CO, upon freezing or homogenization in the liquid 
Phase upon warming, the third variety does not show any liquid C02 phase 
or freezing but develops C07 hydrates in the inclusions on warming back 
to room temperature. These different behaviors reflect a gradation in 
C02:H20 ratios in the ta@lision fluids. The occasional occurrence of 


type III and type I inclusions indicate immiscibility in some ore fluids. 
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Type IV inclusions, where seen, usually contain one daughter halite crys- 
tal, but some contain halite and possibly sylvite. No other daughter min- 


erals have been observed. 


2. Results | 

(a) esetions and Products Formed During Freezing or Crushing. Reac- 
tions and products observed in type I, type III, and type IV inclusions 
upon freezing are essentially the same as for Anvil. Characteristic vari- 
ations in behavior upon freezing or warming in type III inclusions have 
been noted above. 

Reactions and products formed during crushing of quartz and siderite 
chips in glycerine, kerosene, Al*BaCl2 and Ba(OH) 9°8(H20) solutions gen- 
erally confirm the presence of compressed gases such as COj. In glycerine 
and kerosene, significant numbers of gas bubbles were generated or evolved; 
and in Al*BaClg and Ba(OH)2°8(H20) solutions, gases expanded and left traces 
of visible brownish to white films of precipitation (BaC03). All these 
feactions and products confirm the presence of highly compressed gases such 
as C02. 

(b) Salinity. Estimation of salinity (equivalent NaCl wt. %) was 
made in type I and type III erelusions which represent the bulk of the ore 
fluids. The results are shown in Table VI-5. First melting temperatures 
of ice as high as -21°C were recorded, but most range between -5° to -14°C, 
indicating that most of the saline solutions are aqueous NaCl brines, and 
Salt content varied in these solutions. Other dissolved salts such as KCl 
or CaCl) appear in minor to negligible amounts. 

The salinity range of Ene ere I inclusions is between 5 to 15 wt. % 


NaCl, and that of type III between 12.2 to 20.2 wt. 4. Type Il inclusions 
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have high salinity than type I inclusions in the same mineral. 

(c) Filling Temperatures. Filling temperatures were measured on the 
same inclusions after each freezing experiment. Repeated runs on the same 
inclusions indicate an experimental error of 3° to 5°C. The results are 
given in Table VI-5. Pressure correction to be applied to the filling 
temperatures anode 10°C based on a pressure of 100 to 170 bars esti- 
mated for immiscible CO2-H20 type III fluids (see later section). 

Since type I inclusions probably represent fluids that trapped only 
one of the two immiscible phases, their EUdin: ton cers piees are probably 
true depositional temperatures subjected to pressure correction; on the 
other hand, type III inclusions represent fluids that trapped both liquid 
and gas and therefore would give maximum depositional temperatures (Smith 
and Bitter; 1959; Roedder, 1967; Kelly and Turneaure, 1970). The most 
probable range of temperatures for type I inclusions are 210° to 240°C, 
and that for type III inclusions about 230° to 320°C. 

(d) CO? Contents. Measurements of volumes of liquid C02, vapor bub- 
ble and the inclusions have been made in type III inclusions at around 15°C 
and weight percents of C02 are estimated from these volume measurements by 
using Fig. VI-1. The results are given in Table VI-6. The crude estimate 
of overall CO9 concentration in the original fluids would be about Wee Wit aie 
or -1.9 mole percent. 

(e) Fluid Densities. Density estimates were made for type I inclu- 
sions and the results are shown in Table VI-7. Estimates by the data of 
Ellis and Golding (1963) and of Haas (1971) agree well, while those by 
the data of Lemmlein and Klevtsov (1961) are lower. 

The ore fluids were evidently moderately dense aqueous brines of 


densities between 0.89 to 0.94 gm/cc at temperatures around 210” bo -240°Cs 
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TABLE. VI-7 


Fluid Densities of Type I Inclusions in 
Quartz, Thompson Creek Deposit 


Density 

aa Corrected 
Sample (1) (2) (3) Temperatures (°C) 
/-95 O29). 0). 92..0.83 240 
24-304 0.93 0.94 0.86 e210 
29-462.5 0.89 0.89 0.86 214 
D72-2 0293 0.94 0.86 210 
572-3 0.93 20.94 0.85 220 
572-4 O-92= 0.94 “OsS5 240 
Mean O-92> (0793 0,85 222 


(1) Ellis and Golding (1963) 
(2) Haas (1971) 
(3) Lemmlein and Klevtsov (1961) 
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Liquid CO) in the inclusions generally homogenize in the temperature 
‘range of 7° to 18°C, corresponding to.densities of liquid C09 of 0.88 gm/cc 
and to those of gaseous C02 of 0.15 to 0.17 gm/cc. Corresponding CO5 


pressures are then between 41 to 53.8 bars (Fig. VI-4). 


3. Discussion 

Apparent immiscibility, as indicated by the occurrence of type I with 
type III and sometimes type II inclusions, can be caused by one of the 
following three critical phenomena: 

(i) cooling of supercritical fluids of varied density, 
(ii) entrapment of a dense CO2-rich fluid and a dense water-rich 
fluid coexisting in a heterogeneous system of immiscible fluids, 

(iii) entrapment of aqueous brine and coexisting steam in a "boiling" 
System with some C09 content. 

The first case, cooling or condensation of supercritical fluids, can 
be ruled out on the ground of moderately high salinity in the inclusion 
fluids; according to data of Sourirajan and Kennedy (1962), critical tem- 
peratures of the inclusion fluids with 5 to 20 wt. % NaCl would be 425° 
to 600°C; these are far above critical for even pure water in the pressure 
range 100.170 bars and above the filling temperatures of fluid inclusions 
in the Thompson Creek quartz. 

As a consequence of cooling of supercritical fluids, there should be 
inclusions with filling degrees of all intergradations; the very rare 
Occurrence of type I inclusions with critical filling degree (i.e. about 
95 vol. %) cannot be logically explained by supercritical entrapment when 


other type I, type II and type. III inclusions are quite common. 
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Roedder and Coombs (1967) suggest that boiling of a pure NaCl brine 
would cause fluid immiscibility and would grade imperceptibly into immis- 
cibility in a COj-rich system with increasing CO pressures. If CO» 
pressures as estimated from fluid inclusions are low, entrapment of im- 

miscible CO2-H70 fluids in a heterogeneous system can generally be dis- 
missed as a potential cause of fluid immiscibility (Kelly and Turneaure, 
1970). 

The CO9 pressures estimated from homogenization temperatures of li- 
quid CO. in type III inclusions are about 41 to 53.8 bars using data given 
by Amagat (1892). The relatively high CO pressures in these inclusions 
could be the reason for immiscibility in a heterogeneous CO2-H 0 system. 
It is possible that boiling of aqueous brines under moderately high CO» 
pressures is the main cause of the feces fluid immiscibility observed. 

Evidence of boiling also comes from a comparison of confining pres- 
sures and vapor pressures estimated for type I and type III inclusions. 
The approximate confining pressure for NaCl-H70 system is estimated to be 
105 bars (corresponding to a water depth of 917 meters) from Fig. VI-3 
using an average density of 0.93 and average salinity of about 10 wt. % 
NaCl. For NaC1-CO5-H20 system, confining pressures can be estimated by 
the intersection of isochores of salinity and gaseous CO, density (Fig. 
VI-5) at an average temperature of 290°C for type III inclusions. Pres- 
sures range between 150 and 170 bars (corresponding to 1310 and 1485 
Meters of water depth). Thus the most probable range of confining pres- 
sures is between 100 and 170 bars. On the other hand, vapor pressures in 
NaC1-C0>-H20 system can be estimated from type III inclusions using exper- 
imental data of Takeuchi and Kennedy (1965b). At 12.7 wt.% NaCl, rT” = 290% 


300°c, and 4.4 wt. % CO9 vapor pressure in NaC1-C0O2-H720 system is estimated 
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1969). 
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to be about 320 bars. Thus vapor pressure in the original fluids was 
evidently higher than confining pressure, and the fluids would have boiled 
before reaching the seafloor. It follows that the ore deposit was prob- 
ably formed by open space-filling or replacement in the buried sediments 
below the seafloor. 

Changes in conditions or properties of ore fluids during boiling and 
ore deposition can be seen from a comparison of fluid salinity, density 
and temperature data in type I and type III inclusions (Fig. Vi-6). The 
following observations can be made: 

(i) At higher temperatures (300°C), ore fluids were moderately 
high saline brines of varied densities (moderately low to moderately high, 
from 0.81 to 0.92 gm/cc), the vapor phase separated at this stage was of 
low density. 

(ii) The ore fluids were boiled in a system under relatively high 
C0» pressures; salinity declines to 10 wt. % NaCl or less as temperature 
declines to just above 200°C as a consequence of cooling caused most prob- 
ably by active boiling and heat conduction to wall rocks, the ore fluids 
at this stage were considerably denser (0.89 to 0.94 gm/cc). 

(iii) In inclusions that trapped both immiscible fluids, fluid den- 
sities vary sharply with temperature and salinity, indicating possibly 
8reater fluctuation in conditions and properties of ore fluids during 
active boiling. 

The Thompson Creek ore zone occurs as two to three thin bands or 
layers Eeilowing sedimentary bedding; later deformation (foiding and 
faulting) affected both the ore bands and surrounding sediments. If the 
ores were formed as bet cuetic-om diagenetic replacement of the sediments 


aS a consequence of boiling, they must have been transported as chloride 
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Fig. VI-6. Correlation of salinity, density and temperature data of 
fluid inclusions in Thompson Creek minerals. Solid 
circles: type I; open circles: type III. 
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ion complexes and reached the semi-consolidated sediments or open space 

in rocks in which sulfur was being generated in place or was being brought 
in from a different source. The small size of the ore deposit implies 
either an immature cesation of boiling or a termination in sulfur genera- 
tion or supply. If the amount of open space was filled before boiling had 
ceased, the vapor pressure would rise and the remaining liquid would cease 
to boil until and if the vapor pressure was sufficient to rerupture the 
overlying rocks or to allow connection to be made with other open fracture 
systems. 

The ore fluids were probably deep-seated in origin, heated or "meta- 
morphic" formation waters derived from leaching of and circulation through 
sedimentary rocks (volcanic sediments, shale, limestone, sandstone) during 
late stage (epigenetic ?) hydrothermal activity in a deep basin. As will 
be shown later, sulfur isotope compositions of iron sulfides in country 
rocks and oxygen isotope compositions of quartz in the ores suggest that 
sulfur was mainly acquired at the site of deposition whereas the fluid 
(water) was probably heated formation or pore water derived from the meta- 
Sediments or volcanics in the adjacent region. The site at which ore 
fluids boiled (i.e. ore deposition) was probably at a shallow depth below 
the seafloor, since asymptotic decline of diagenetic sulfide dissolved in 
pore fluids of marine sediments with depths of burial is generally sharp 
and the sulfur originally buried with the sediments is insignificant in 
quantity as compared with dissolved sulfide in pore fluids (Goldhaber, 
1974). At greater depths, it is most difficult to acquire enough in situ 
sulfur for ore deposition unless a simultaneous or coincidental flux of 
sulfur-bearing solutions from a different source is available. If this 
Teasoning holds, then the time-space relationship of the ore deposition 


and country rocks in the Thompson Creek deposit must have been very close 
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and in the strict sense it was formed as a diagenetic \ epigenetic, strata- 


pound replacement orebody in deep sea environment. 


E. HOWARD'S PASS DISTRICT 

An attempt was made to examine and study fluid inclusions in ore or 
gangue eee ala from the district. However, due to the extremely fine- 
grain size of most of the minerals, only a few fibrous calcite patches 
were found to contain inclusions suitable for optical examination. These 
calcite patches generally occur as remobilized to contorted bands in the 
ore-forming siltstones. 

Three polished plates of calcite were found to be suitable for fluid 
inclusion study. In addition, chips of calcite from the other 3 specimens 


were examined in a crushing stage under the microscope. 


1. Types of Inclusions (cf. Plate VI-4) 


Inclusion type found in the calcite plates consists.almost entirely 
of type I liquid-rich inclusions. Filling degree of these inclusion is 
high, generally around 90°95 vol. %, and only rarely 70 vol. %. A lot 
of inclusions can be readily identified as primary or pseudosecondary on 
the basis of their occurrence within growth layers or twins of calcite 
host. Secondary inclusions are also abundant but they generally occur 
along cleavages or in crosscutting healed fractures. 

Crushing of some calcite chips reveals inconclusively small amount 
of compressed gases (?) contained in the fluid inclusions; and in only a 
few inclusions, a phase other than ice was suspected to form upon warming 
up from freezing; and it is tentatively believed to be a C02 hydrate. 


A few inclusions also show a very faint brownish tint (?) around vapor 
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bubbles indicating some sort of hydrocarbon such as methane (?). All the 
above observations are not conclusive because of the cloudiness of the 
calcite and the very small size of the inclusions. 

Freezing behavior of most of the inclusions is normal for NaCl-bearing 
solutions, with ice being the only phase formed above about -21°C. Other 


dissolved salts are therefore insignificant. 


2. Results 

(a) Salinity and Filling Temperatures. Estimation of equivalent NaCl 
wt. 2 and filling temperatures was made on type I inclusions. The results 
are reported in Table VI-8. First melting temperatures are between -6.5 
to -12.5°C, but temperatures as low as -14.5°C have been observed. 

Iwo distinct features of salinity in calcite of different occurrences 
can be observed. Samples 34-330 and A-T-1l1 are fibrous calcite patches 
associated with finely laminated to disseminated ore-bearing calcareous 
siltstone, whereas sample SL-14 is a highly sheared calcite occurring in 
a cross-fault containing remobilized pods of coarsely crystallized galena 
and pyrite. Salinity of the former two samples ranges between 9.8 to 13.8 
wt. 2 NaCl (average: 11.5 wt. %), whereas that of the latter is only24.2 
wt. 2 NaCl. It is believed that the sheared calcite with associated re- 
crystallized galena and pyrite reflects the ultimate tectonic deformation 
of the ore-bearing sequence (see Chapter IV). 

Filling of inclusion fluids takes place in the liquid phase, and the 
filling temperatures recorded have a uniform range of 155° to 181°C, with 
an average of 166°C. A few inclusions appear to have homogenized at tem- 
perature as low as 145°C, but the final disappearance of vapor phases 


Could not be ascertained due to overall obscurity of these inclusions. 
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These temperatures are probably the true depositional temperatures during 
the formation of calcite and presumably associated ore minerals. No 
pressure correction was made since it is negligibly small (see later 
section on pressure estimate). 

(b) Fluid Densities. The densities of inclusion fluids were esti- 
mated for NaC1-Hj0 system using the data of Ellis and Golding (1963) , 
Haas (1971) and Lemmlein and Klevtsov (1961). The estimates are given 
in Table VI-9. 

It is evident that fluid densities in aeitive associated with thin 
bedded ore-bearing rev ones are generally higher (0.97 to 1.0) than 
the density in sheared clacite associated with remobilized-recrystallized 
sulfides (0.93). The original fluids during calcite and ore formation 
were probably dense, saline brines in the pore waters of marine sediments 


or formation waters migrated from other sites. 


3.__Discussion 

No evidence of boiling has been detected in the inclusions. Confin- 
ing hydrostatic pressure, neglecting lithostatic pressure, on the original 
solutions in marine sediments can be estimated from Fig. VI-3 using the 
experimental results of salinity, temperature and density, and a maximum 
estimate of 53 bars is thus obtained at density = 0.98 gm/cc, T°=170°C, 
and salinity > 10 wt. % NaCl. This pressure corresponds to a depth of 
464 m of overlying seawater. Vapor pressure of the fluids is estimated 
to be about b. 4073 bars in a temperature range of 150°%170°C and a sal- 
inity of 11.5 wt. % NaCl. Evidently no boiling occurred. 

Rough estimate of water depth during ore-bearing siltstone sedimen- 


tation is about 200400 meters (Morganti, 1975, personal communication). 
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TABLE VI-9 


Density Estimate of Inclusions Fluids in 
Calcite, Howard's Pass District 


Densities (gm/cc) 


Inclusion 
Sample Type (1) 
34-330 loge 0.96 
PS-I 0.98 
A-T-11 P-I 0.98 
0.97 
SL-14 P= 0.93 


(1) Ellis and Golding (1963) 
(2) Haas (1971) | 
(3) Lemmlein and Klevtsov (1961) 


(2) 


0.97 
1.00 


0.98 


0.98 
0.93 


(3) 


0.91 
OIL 
0.91 


0.91 
0.91 
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Therefore the estimate of 464 meters must represent the maximum depth of 
seawater when ore formation in siltstone occurred. 

It: is of vital importance to understand the stage of calcite forma- 
tion in relation to "ore brine" introduction in the sediments. Judging 
from the abundance of carbonates as detrital fractions in sediments and 
their apparent association with ''dewatering" compaction cleavages in 
which abundant ore minerals are concentrated, the calcite minerals pos- 
sibly represent detrital fractions incorporated or remobilized in the 
sediments under similar conditions and through similar fluid media as the 
ore minerals. Temperature estimates from sulfur isotope fractionation 
among sulfide minerals generally agree with the filling temperature range, 
indicating at least similar thermal condition under which calcites and 
sulfides were formed. | 

No distinct phase of hydrocarbon or organic matter was detected in 
the inclusions studied, even though carbonaceous matter was observed in 


Most of the ore-bearing specimens investigated. 


F. SUMMARY 

Fluid inclusion studies of the hydrothermal minerals in ore deposits 
from Anvil Range, Frances Lake and Howard's Pass districts reveal important 
Physico-chemical data for the fluid media in which ore deposition occurred. 

The studies show that during massive ore deposition, Anvil ore fluid 
inclusions had a filling temperature range of 170-250°C, a salinity range 
of 2.3-9.2 wt. % NaCl, an immiscible CO7 content of about 5 wt. 4, anda 
density range of 0.8-0.9 gm/cc. Variation of density, salinity and temper- 
ature in the ore fluids responsible for Anvil deposits can be best inter- 
Preted in terms of mixing of discharging heated connate brines with seawater 


On the sea-floor before ore deposition occurred. Depositional or confining 
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hydrostatic pressure on the discharged ore fluids is estimated to have a 
minimum range of 45-140 bars and a maximum range of 120-300 bars, corres- 
ponding to a water depth of minimum 400-1230 meters or maximum 1048-2620 
meters. Consideration of confining and vapor pressures at given tempera- 
tures and salinities indicates that boiling did not occur when the ascend- 
ing hot brines were discharged and mixed with seawater and brine pool was 
formed on the sea-floor. Immiscible CO9-rich and H20-rich fluids were 
likely to have been introduced during "late stage'' sub-sea-floor metamor- 
phism by either mixing of "juvenile" CO9-rich fluid with "interstitial" 
aqueous brines or increasing concentration of CO7 in late stage hydrother- 
mal fluids. 

Fluid inclusions in quartz from the Thompson Creek deposit display a 
filling temperature range of 198-345°C, a salinity range of 5-20 wt. % 
NaCl, a COp concentration of 4.4 wt. %, and a density range of 0.81-0.94 
gm/cc. The ascending ore fluids were moderately rich saline brines of 
varied densities at high temperatures (V300°C). These were boiled in a 
System under relatively high CO2 pressures (41 to 53.8 bars) as salinity 
declined to 10 wt. % or less and temperature declined to just above 200°C 
due to cooling, and the density of the ore piupieeee to 0.89 ~ 0.94 em/cc. 
Confining pressure was estimated to be between 100170 bars, corresponding 
to 874v1485 meters of water depth. The deposit is interpreted to have 
formed by diagenetic-epigenetic stratabound replacement of the deep sea 
Sediments as a consequence of boiling of the ore fluids. 

Fluid inclusions in calcite from ore-bearing siltstone in the Howard's 
Pass district show that filling temperatures ranged between 155~181°C, 
averaging 165°C, salinities ranged from 4.2.13.8 wt. % NaCl, and fluid 


densities were between 0.931.0 gm/cc. Confining hydrostatic pressure 
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PLATE VI-1 


PHOTOMICROGRAPHS OF FLUID INCLUSIONS IN QUARTZ AND BARITE 
(TRANSMITTED LIGHT) 


Anvil Ore Deposits 


Faro 


A. 66E9-401 Quartz 


Primary type I inclusions with small degree of filling. 


B. 66E9-401 Quartz 


Primary inclusions: a large type IV inclusion containing at 
least two birefringent unidentified daughter minerals (X) and 
type I inclusions; one inclusion contains an opaque flake of 
daughter mineral (hm: possibly hematite). 


CG. 66-22 305 Barite 


Pseudosecondary (?) inclusions of type I and one type III inclusion 
containing a vapor phase (V), liquid CO2 (L,) and aqueous solution 


(Lo). 
De 67-4 460 Barite 


Primary inclusion of type I with near critical degree of filling, 


some small type II gaseous inclusions (g) are in view but slightly 


OWL OL Locus. 
E. 67-4 460 Barite 

Primary inclusions of type I and type II gaseous inclusion (g). 
F. 67-6 602 Barite 


PII inclusions of abundant type I and an immiscible type III 


containing a vapor phase (V), liquid C02 (L,) and aqueous solution 


(Lo). Filling temperatures of type III inclusions average around 
2. 1/08Gs 


G. 67-6 602 Barite 


Subrounded and faceted type I pseudosecondary inclusions; a dark 
rim in a faceted inclusion near center is an optical effect, not 
multiple fluid phases. 


H. 70-6 249 Barite Vein 


Primary type I inclusions with one type III inclusion near lower 
center. A large type IV multiphase inclusion near top contains a 
vapor phase (V), liquid phase and at least 3 daughter minerals 
(hi halite, s: sylvite ?, and hm: hematite). 
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PLATE VI-2 


PHOTOMICROGRAPHS OF FLUID INCLUSIONS IN BARITE AND QUARTZ 
(TRANSMITTED LIGHT) 


Anvil Ore Deposits 


Swim Lakes 


A. A4-296 Barite 
Primary type I inclusion. 
B. A4-296 Barite 
PII type I inclusions and a type III inclusion (III) containing 
a vapor and two liquid phases (Liquid CO2 and aqueous solution). 
C. Swim 9 Barite 
Coexistence of pseudosecondary type I and type III inclusions. 
D. Swim 9 Barite 
Type III CO2-rich inclusions; in another area of the same specimen. 
E. A4-457 Barite 
Pseudosecondary type III inclusions. 
F. A30-397) Quartz 
Primary (?) type I (blurred, out of focus) and a type III inclusion 
with distinct annular ring. 
Grum 
G. Al0-774 Barite Vein 
Abundant primary type I inclusions; a solid inclusion of sphalerite neat 
upper right. All inclusions homogenize at about 130°C. 
H. -Al2-819.Quarez 
Pseudosecondary type I inclusions; note smaller inclusions just below 
the plane of focus are aligned in an inclined plane and tapered out. 
I. Al2-819 Quartz 


Primary type I inclusions. 
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PLATE VI-3 


PHOTOMICROGRAPHS OF FLUID INCLUSIONS IN QUARTZ 
(TRANSMITTED LIGHT) 


Thompson Creek Deposit 


As (i-9ouOuartz 


Primary inclusions of type I with near critical degree of filling 
and type IV containing a vapor and a daughter mineral, probably 
halite Ch). 


B. 7-95_ Quartz 


Primary type I inclusions and a type IV inclusion contianing a 
vapor, liquid and a daughter mineral (h: halite). 


CC.) J=95. Quartz 


Coexistence of primary type I (1), type III (III), and type II gas- 
rich (g) inclusions. 


D. 24-304 Quartz 


Occurrence of different types of primary inclusions: smaller 

type I inclusions; larger type II gas-rich inclusions (g); and 
larger type IV inclusions (IV) containing vapor, liquid and 2 

daughter minerals (possibly halite and sylvite). 


E. 24-304 Quartz 


Primary type I inclusions. 


F. 25-462.5 Quartz 


A large apparent 2-phase liquid inclusion; on freezing, this 
inclusion shows an annular ring of liquid CO2 and the inner vapor 
bubble expands on warming up. 


G. 5/2-4 Quartz 


Pseudosecondary type I inclusions. 


H. 572-4 Quartz 


Occurrence of primary type I and type III inclusions. 
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PLATE VI-4 


PHOTOMICROGRAPHS OF FLUID INCLUSIONS IN CALCITE 


calcite. 


calcite. 


calcite. 


calcite. 


(TRANSMITTED LIGHT) 


Howard's Pass District 


Primary type I inclusions, all within a single twin 
o£ calcite. 


Primary type I inclusions occurring within growth 
layers (at left and right of photo). 


Abundant pseudosecondary type I inclusions within 
calcite grain. 


Primary type I inclusions. 
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Chapter VII 


ISOTOPE GEOCHEMISTRY OF ORE DEPOSITS 


A. _INTRODUCTION 

In this chapter, isotope data of sulfur, oxygen and lead are pre- 
sented for the deposits under study. It is hoped that through the study 
of isotope compositions of sulfide, sulfate and silicate minerals, some 
important aspects of the physico-chemical conditions and dharetebeie tice 
of ore formation may be better defined and underaroed: From the study 
of stable isotopes, one can obtain certain information concerning the geo- 
chemistry of ore solutions (temperature of ore formation, isotope compo- 
Sitions of ore solutions, concentration and types of dissolved sulfur 
species in ore solutions, pH and £Q5 variation during ore deposition, and 
possible source of sulfur, etc.). From the study of lead isotopes, one 
hopes to achieve a better understanding of the source material for the 
lead in the ores and/or rocks, age of ore mineralization, and if anomalous 
lead patterns are distinct, cause and process of mixing of lead isotopes. 

Sulfur and lead isotope compositions in ore sulfides and/or sulfates 
and rock sulfides have been determined for Anvil Range district, Frances 
Lake district Pniocard's Pass district. In addition, oxygen isotope 
Compositions in quartz from Thompson Creek deposit, Frances Lake district, 
have also been determined. 

Due to the extensive nature of this study, only a brief review of the 


background information on principles, experiments and systematics of per- 


tinent isotope studies is presented. The readers are referred to the rele- 


vant literature for detailed accounts of these matters. 
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B. STUDY OF STABLE ISOTOPES 


o. General Statement 


(a) Sulfur Isotopes. Four stable isotopes "of sulfur Vary anatneir 


natural abundance as follows: sa Ss i iia WA oe = 0.742%, see =94.2%5 
/ 
and 536 = "0.022. “However, the ratio g34 1532 in nature has been found to 


vary as much as +15%. Since in the troilite phase of meteorites the 
Be ys?* variation is very small and varies only +0.015% from a ratio of 
0.0450045 (McNamara and Thode, 1950; Ault and Jensen, 1963), the variation 


is conveniently expressed by ag°" units as: 


(347532) 


34 sample ~ (8°78 ee aeee standard 
S = ———————— ee X 1000 
sample (% (334/332) 


Troilite standard 
fe., 211 calculations in a2 composition are made with respect to the 
Standard troilite, commonly ee as that from the Catron Diablo meteorite, 
and expressed in parts per thousand (%). 

The literature on the application of sulfur isotopes to problems of 
Ore genesis is very extensive; among the earliest works we can cite Kulp 
Beal. (1956), Vinogradov et al. (1956), Jensen (1957, 1959), Tupper (1960) 
and Stanton (1960). Before the work by Sakai (1968) and subsequent ad- 
vances by Ohmoto (1970, 1972), Kajiwara (1971) and Rye and Ohmoto (1974), 
the "traditional" system of interpreting and understanding the sulfur 
isotope data has been based largely on empirical discrimination of the 
Tange of the data and comparison with the pre-existing body of data, 
although the significance of source of ore solutions and fractionation 
Processes on the isotopic variations had been noted (Nakai and Jensen, 
1964; Tatsumi, 1965; Puchelt, 1967; Jensen, 1967). Since Sakai's work, 
understanding of sulfur isotope fractionations among sulfides, sulfates 


and aqueous sulfur ions under equilibrium conditions has been greatly 
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enhanced by both theoretical and experimental works of many workers, 
including Bachinski (1969), Grootenboer and Schwartz (1969), Kajiwara 
et al. (1969), Kajiwara and Krouse (1971), Rye and Czamanske (1969), 
Czamanske and Rye (1974), Puchelt and Kullerud (1969), Schiller et al. 
(1970) and Kiyosu (1973). The agreement among the various experimental 
data are, however, not satisfactory, and experimental data for the iso- 
tope fractionation factors between sulfide minerals and aqueous sulfur 
ions are few, although Ohmoto (1972) has summarized the isotope frac- 
tionation factors between aqueous H»S and other sulfide minerals and 
aqueous sulfur Pandas (aS, a SOZ) as functions of temperatures. 

The new advances made by Sakai, Ohmoto, Kajiwara and Rye are the vigor- 
ous application of Ph Sneyetiatis of aqueous solutions such as temper- 
ature, pH, fO5> ionic strength, total dissolved sulfur to the.interpre- 
tation of isotope data and to the quantitative estimate of sulfur iso- 
tope composition of total dissolved sulfur in ore solutions (5-200 The 
basis of their contributions is the recognition of large isotope frac- 
tionations among various aqueous sulfur species, particularly between 
oxidized and reduced forms of sulfur, in hydrothermal solutions under 
chemical and isotopic equilibrium conditions. 

Parallel to these advances, works of Sasaki (1970), Sasaki and 
Kajiwara (1971), Sangster (1968, 1971), Sakai et al. (1970) have contri- 
buted to a better understanding of the role of seawater sulfates in many 
hydrothermal-sedimentary ore deposits and pointed to possible isotope 
€xchange equilibrium conditions of sulfate-sulfide in some deposits. 

(b) Oxygen Isotopes. Oxygen is the most abundant element of the 


earth's crust; it is composed of three stable isotopes: O ,0O and 


7. Phe relative abundance of these isotopes in air oxygen is 99.759: 


18, 16 Mer 
0.0374:0.2039, respectively (Nier, 1950)%. 0 /Om@ {ratio in nacure may 
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vary by as much as 10%, or from 1:475 to 1:525. The isotope ratio in an 


oxygen-bearing sample is reported by SOne units as: 


f. 1 
5018 Bi © */0 ee ters Sai 2 abe veserata x 1000 
sample (%) . (018 jot) 
stand.-SMOW 

Thus, the oxygen isotope data are reported with respect to the most conven- 
dient standard - ocean water. A particular set of ocean water values, des- 
ignated Standard Mean Ocean Water (SMOW) by Craig (1961) is the most common 
standard in present-day use. 

Since H20 is the dominant constituent of ore fluids, a knowledge of its 
origin is fundamental to any theory of ore formation. The ultimate source 
of the H90 can only be revealed by studying some geochemical parameter based 
on the water molecules themselves. Oxygen isotope analyses provide such a 
parameter because natural waters of various origins exhibit systematic dif- 
ferences in their 018 (as well as deuterium) contents. The oxygen isotope 
compositions of natural fluids can be approximated by either direct measure- 
Ment of the fluid itself in a geothermal area or of fluid inclusions in the 
minerals of an ore deposit, or by isotope analysis of minerals and calcula- 
tion of ay Wie ratios of waters in equilibrium with the minerals at their 
temperature of formation. 

The application of oxygen isotope data to problems of ore deposits and 
natural hydrothermal fluids is extensive in the literature. Early works in 


this field include Clayton and Epstein (1958), Craig et al. (1956), Craig 


(1963) and James and Clayton (1962). 


2. Experiments and Calibrations 


(a) Mineral Separation and Purification. Separation of pure mineral 


Phases of galena, sphalerite, pyrite, barite and quartz was made by means 
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of conventional procedures using heavy liquid gravitational separation 
(methylene tetrabromide and methylene iodide), and a Franz magnetic sep- 
arator. The purity of all mineral separates was checked under a binoc- 
ular microscope; impure separates were further purified by means of pref- 
erential chemical dissolution procedure developed by the writer (see 
Appendix VII-1). For all fine-grained mineral separates such as those of 
Howard's Pass district, this procedure was generally applied prior to any 
extraction or collection of gasses. 

The purity of all mineral separates after these procedures was gen- 
erally greater than 95%, some approaching 100% purity. 

(b) Conversion to Ag2S. Barite samples were reduced in a boiling 
reducing mixture (HI-HNO3-H3P0,) under an N2 atmosphere. The generated H25S 
gas was allowed to bubble through distilled water and react with Cd-acetate 
solution to form a CdS precipitate. The bubbling rate was carefully con- 
trolled to 2 bubbles/second. Each reduction took 30 minutes to one ee 
The CdS precipitate was collected, converted to Agg2S by adding 0.1m 
Ag(NO03)9 solution, and boiled for at least 10 minutes. The AggS was then 
recovered in a teflon-filter cup by rinsing with concentrated NH,OH and 
distilled water. The cup was dried in an electric oven at about 100°C for 
12 hours and Ag2S was carefully collected for SO) combustion. 

Some fine-grained separates with impurity were boiled in different 
concentrations of HCl solution with SiC or metallic Sn chips as a reducing 
agent (see Appendix VII-1). The generated H25 was converted to CdS and Ag9S 
in a manner similar to the procedure described above. 

Isotope analyses of SO? gasses derived from direct combustion and 


Combustion subsequent to Ag7S conversion of some commercial grade sulfides 
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agree very well (see later section on Howard's Pass district) and thus 
the procedure of acid decomposition and H7S generation did not produce 


any detectable isotope fractionation. 


(c) Collection of S02 Gasses. Combustion and collection of S092 


gas from pure sulfides were made in a quartz-pyrex extraction line 

in the Stable Isotope Laboratory, Dept. of Geology. The line consists 
essentially of a quartz tube combustion chamber, pyrex tube vacuum line 
with three cold traps, two thermocouples, diffusion pump, mechanical pump 
and breakseals. Cu 20 (Fisher reagent grade), pre-heated to 300°C in 
vacuum to remove traces of CO) and other impure gasses, was used in the 
combustion as an oxygen donor. The pure sulfide and Cu20 were ground, 
weighed and mixed (in a fixed O/S ratio*) in an agate mortar and the 
mixture was packed between quartz wool in a small (OD: 0.8 cm), open- 
ended quartz tube. The sample was put into the quartz chamber which was 
then evacuated and heated to more than 1000°C and as high as 1100°C. 

Upon combustion (generally 10 minutes, some required up to 20 minutes), 
the Meived 50, and other trace gasses such as co, were trapped with 
liquid nitrogen in the second cold trap while H20 was trapped separately 
with a cryogenic mixture of carbon tetrachloride-chloroform-dry ice in 
the first cold trap. Any excess oxygen was pumped off. C02 was allowed 
to expand and pumped off when the S02 was frozen back in the second cold 
trap by a mixture of n-penthane (ethanol) and liquid nitrogen held at 
approximately -120°C. The SO? was then allowed to expand and be trapped 
dn a graduated column again; upon isolation and expansion of SO9 gas, the 


yield measurement was recorded. The SO2 was then transferred into a 


Standard breakseal and collected. 


a | 
*A molar ratio of Orel of 4: iy Cotein excess) was used.in combustion of ZnS, 


PbS, FeS» and AgoS. 
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(d) Calibration of Standards. Calibration of isotope composition of 
working line standard (Fisher reagent grade S02 gas) against the composi- 
tions of other SO9 artificial standards with well-known or well-calibrated 
5g3¢ values with respect to Cation Diablo troilite was made PELOL £01,019 
between, and after each period of isotope analyses on the mass spectrometer. 
Using this procedure, all the other corrections such as oxygen factor cor- 
rection (from Cu20), machine factor, etc. can be internally eliminated. 

Three calibration runs were made during the course of mass spectrom- 
Seem measurements: Oct. - Dec. 1974, May 1975 and June 1975. The results 
of these Patip rations are listed in Table VII-1l together with the derived 
correction formulae. The results indicate that the calibrated sulfur iso- 
tope compositions of all standards analyzed agree very well to within ex- 
perimental errors. 

(e) Mass Spectrometer Measurement. The isotope analyses were per- 
formed on a 12" radius of curvature, 90° sector magnetic-analyzer (Nier, 
1947; McKinney et al., 1950) gas source mass spectrometer in the Dept. 
of Physics, University of Alberta. The mass spectrometer is equipped for 
alternate introduction of SO» gas and simultaneous collection of mass 64 
(s32946) and mass 66 (s3406) through ionization by a tungsten filament. 
The ratio was measured by a voltmeter and a frequency converter and pro- 
cessed and printed by a built-in computer. Normally 4 sets of mass 66/ 
mass Bacio (or mass 46/mass 44 in the case of C09 gas) were recorded 
for each Reet SO gas (line standard, sample or other artificial 
Standard). The computer printed out the average mass 66/mass 64 ratio 
of the sample versus that of the line standard after 9 recordings of 
alternate gas introductions were made. 

Breakseals containing S02 gasses can be connected to the vacuum line 


of the gas inlet system of the mass spectrometer through Cajon vacuum- 


tight fitting joints. 
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(f) Collection of C02 Gasses. Purified quartz samples were dried 


overnight in a "dry box" under N2 atmosphere and placed in a stainless 
steel tubing attached to CO? extraction line. BrF5 was introduced into 
the tubing after evacuation, and the decomposition of quartz was enhanced 
by heating to more than 500°C. The generated O, was then allowed to ex- 
pand through a combusted pure graphite which produced CO 9 and was trapped 
with liquid nitrogen in a cold trap. Yield measurement was recorded and 
C09 was transferred to a breakseal and collected. 

The mass spectrometric measurement was made on the same mass spec- 
trometer as for SOy except for the using of a commercial CO? standard. 
The calibration of the C02 line standard against other artificial stan- 
dards was made by P. Thompson and J. Gray of the Dept. of Physics. The 


tesults are listed in Table VII-2. 
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46 46 46 
From a plot of Sos, versus Soxowy? 6 ._-oMOW 


be obtained. Since fractionation factor between C07. and H90 for the 
~~ as i : : 
Teaction* H90 + CO») > H7C03 > HCO3 + H at 25°C can be described as: 


ayy =(0°°/0"®)¢9,/(0" 8/0") 4150 = 1.04075 + 0.00016 (Bottinga and Craig, 

: 46 : 18 _ 
1969), 40.75% should be added to Sean to obtain 60. smow’ For quartz 
water system over temperature range of 200° to 500°C, the fractionation 


factor 1000 In ag y = 3-38 x 106 x t-2 — 3.40 (Clayton et al., 1972) and 


Q-w = 1000 + $04°/1000 + s0ee where Q: quartz, W: water. 
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TABLE VII-2 
Calibration of C09 Line Standard, 
April 1975 
. 46 g 46 y 
S tandard 6 ta) (%9 OeMOW (%9 
SMOW 42.9 - 
NBS1-A 177.9 -24 
SLAP -14.5 -55 
Line Standard - -1 
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3. Anvil Range District 


(a) Results. A total of 157 sulfur isotope analyses of sulfide, 
sulfate minerals and purified mill concentrates of PbS, ZnS and FeS9 
("tail") was made. The samples analyzed represent a wide distribution 
in Faro and representative sections from Grum and Vangorda; samples from 
Swim Lakes represent sporadic sampling of three drill hole intersec- 
tions. The data are believed to represent the full range and magnitude 
of sulfur isotope compositions of sulfide and sulfate minerals in the 
Anvil ore deposits. 

The isotope data and calculated isotope fractionation temperatures 
are given in Table VII-3. The isotope fractionation factors used to 
calculate temperatures are based on the experimental data of Czamanske 
and Rye (1974) for sphalerite-galena pair, of Rye et al. (1974) for 
pyrite-galena pair, and of Sakai (1968) for barite-pyrite pair. The 


sulfur isotope fractionation between two sulfide or aqueous sulfur phases 


2/4 
X and Y is presented as ASS “y value, where 
34 34 34 
) = - = 1 Qa 
ASS. _y 5S, éSy 1000 ln X-Y 


the fractionation factor q is defined as: 


(334/332), 
Qqs=-_eCCC_C__ 
Cas 2)e 


The isotope fractionation factors of sp-gn and py-gn pairs are: 


1000 Ina 7.0 x 10> x T(°K)-2 (Czamanske and Rye, 1974) 
Ss 


p-gn 
9.3 x 109 x T(°K)~2 (Rye et al., 1974) 


1000 In a 
py-gn 


Isotope fractionation factor of barite-pyrite pair can be estimated from 


curves (Sakai, 1968) given in Fig. VII-2. 
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The sot values of sulfide ores typically range between 7.9 to 19.9%. 
for Faro (13.7 to 17.5% for Faro mill concentrates), 10.8 to 24.7% for 
Grum, 11.8 to 17.9%. for Vangorda, and 14.3 to 19.9%. for Swim Lakes; ss°" 
values of barites from these deposits range between 24.9 to 36.8% This 
variation is plotted in histograms as shown in Fig. VII-1. 

(b) Sulfur Isotope Fractionation. Under chemical and isotopic equi- 
librium conditions sulfur isotope fractionation between coexisting sulfide 
minerals or aqueous sulfur ions has been theoretically predicted (Sakai, 
1968; Bachinski, 1969) and experimentally confirmed (Kajiwara et al., 

1969; Kajiwara and Krouse, 1971; Rye and Czamanske, 1969; Czamanske and 
Bye, 1974; Grootenboer and Schwartz, 1969; Schiller et al., 1970; and 
Kiyosu, 1973). The general trend of the fractionation among coexisting 
phases is temperature-dependent, decreasing as the temperature increases. 
The fractionations among important aqueous sulfur ions and sulfide miner- 
als are shown in Fig. VII-2. It is evident that the larger the separation 
of the curves for any two minerals or aqueous ions, the more sensitive 
will the pair be as an isotopic geothermometer. The order of sensitivity 
of fractionations to temperature among mineral pairs is: sulfate-sulfide 
> pyrite-galena > sphalerite (or pyrrhotite)-galena > pyrite-chalcopyrite 
> pyrite-sphalerite. Also it is evident that sso4 values of coexisting 
Bilifides at a given temperature under equilibrium conditions should de- 
Crease in the following order: pyrite > sphalerite > chalcopyrite > 
galena, 

shat ede : 34 

The best criteria for achievement of equilibrium is that A6S” values 
for different sulfide pairs (e-8- sphalerite-galena, pyrite-galena, or 
n 


Pyrite-sphalerite) give similar temperatures. If this ideal situation is 


, 34 
Not encountered, but any single pair gives consistent AéS” values (and 
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Fig. VII-2. Sulfur isotope fractionations among sulfur species and 
sulfide minerals plotted with respect to pyrite. 
Dashed lines indicate aqueous species, solid lines 
indicate minerals (after Rye and Ohmoto, 1974). 
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thus temperatures), then isotopic equilibrium may have been approached 
for this particular pair. Conversely, evidence for disequilibrium or 
other factors in the system can be predicted when ae values do not 
follow the above enrichment pattern. 

The temperatures estimated from sulfur isotope fractionation be- 
tween sphalerite and galena in the Anvil deposits fall in the range of 
218° to 319°C for Faro, 181° to 319°C for Grum, 256v267°C for Vangorda, 
and 236°C for Swim Lakes. Temperatures estimated from the fractiona- 
tion between pyrite and galena are, except for some pairs, consistent 
with sphalerite-galena temperatures. The exception is apparently due to 
the fact that pyrite tends to precipitate over a much larger part of the 
ore paragenesis than galena, and thus allows a greater chance of forma- 
tion under different conditions or from different solutions (Rye and 
Ohmoto, 1974). However, the majority of the pyrites have §5°4 values 
larger than coexisting sphalerite and galena and yield pyrite-galena 
temperatures in the range 177° to 313°C (average 264°C). The cverall 
se enrichment in pyrite over sphalerite and galena can also be detected 
in mill concentrates of Faro Mine which represent a good average of the 
Ore minerals. 

Therefore, it is concluded that most pyrite was in isotopic equilib- 
tium with sphalerite and galena and apparently with solutions which were 
uniform in temperature and chemical states (e.g. pH, fo, and sere etc.). 

On the other hand, large isotope fractionation can also be seen be- 
tween barite and sulfide minerals. Barite is quite common in the Anvil 
ore deposits and occupies 0.3 v 0.68 wt. % of the deposits (Chapter VI). 
The sulfur isotope fractionation between barite and pyrite is generally 


in the order of 11 v 17%, but can be as high as 20%. (Swim #9). 
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The isotope fractionation between sulfate and sulfide at elevated tem- 
peratures in nature has been the subject of controversy and uncertainty 
exists as to the cause and mechanism of fractionation (e.g. Sasaki, 

1970; Sasaki and Kajiwara, 1971). Fractionation between aqueous sulfate 
and other sulfide ions under complete isotope exchange equilibrium con- 
dition has been considered theoretically by-Sakai (1957, 1968) from 25° 
to 500°C. However, estimated equilibrium temperatures of the Anvil sul- 
fate-sulfide mineral pairs are unacceptably high (330° ~ 530°C), indicat- 
ing either the difficulty of attaining isotope exchange equilibrium or 
other effects operative during ore deposition. Rapid attainment of iso- 
tope exchange equilibrium between native sulfur and sulfuric acid at 300° 
wv 350°C (Oana and Ishikawa, 1965) and between pyrite and sulfuric acid at 
280°C (Nakai, 1967) have been experimentally demonstrated; however, these 
experiments were conducted under the presence of excess native sulfur 
which is not generally expected under natural hydrothermal conditions of 
ore formation. It is possible that the observed isotope fractionation is 
not the ane of direct exchange between sulfate and sulfide but repre- 
sents the exchange equilibrium between SOZ and some intermediate form of 
sulfur compounds from which sulfides might have formed with little iso- . 
topic ee i opation (Sasaki, 1970). Grinenko et al. (1969) and Malinin 
and Khitarov (1969) have shown by experiments that chemical (inorganic) 
reduction of aqueous sulfate to H2S, S03 and $503 under hydrothermal 
Conditions (100° to 450°C) takes place significantly above 200%250°C, and 
is most intense at 275°C or higher. Isotope fractionation factor in this 
teduction is estimated to be about 11% at 210°C and 174,at about 130°C. 
As pointed out by Grinenko et al. (1969), in the slow chemical reduction 


PEtsulfate under natural conditions at hydrothermal temperatures, isotope 
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fractionation depends not only on the reaction kinetic effect but also 

on the rate of isotope exchange between reaction products (HS, S09) 
striving for isotope equilibrium. In this case, isotope equilibrium may 
be partly established between sulfate and H9S, either because the inter- 
mediate product of the reaction SOj exchanges its sulfur with HS and 
sulfate, or because the reaction between H9S and sulfate is reversible. 
Sasaki and Kajiwara (1971) have also emphasized that the isotope exchange 
equilibrium between sulfate and sulfide may be partially attained in most 
instances; they also noted the possibility that the observed fractionation 
between sulfate and sulfide could be the relict of equilibrium at higher 
temperatures. 

The mean 5g34 value of the Cambrian seawater sulfate is 29304, and 
those of the Ordovician, 25.29%. (Thode and Monster, 1965; Davies and 
Krouse, 1975; Chukrovy et ai., 1975). “The ag°* values of barite samples 
from Anvil ore deposits are either equal to or heavier than these Cambro- 
Ordovician seawater sulfates. Enrichment of 534 in sulfate remaining in 
solution can be produced as a result of precipitation of lighter isotope 
Sa in sulfides in sediments in basins with relatively restricted circula- 
tion to the open sea (Sangster, 1971). The resultant sulfates would have 
ss°4 Pailiés slightly greater than their contemporaneous open seawater 
Sulfate. The sso values of Anvil barites lie between the inferred value 
for Cambro-Ordovician seawater sulfate and the theoretical values for 
Sulfate in isotope equilibrium with sulfides at 250°C (= 6S” values of 
Pyrite + 25%). Alternatively, it is possible that the aqueous sulfate 
which had been partially equilibrated with H2S during initial mixing of . 
ascending ore solutions and seawater might mechanically be diluted by 


diffusion or circulation of overlying seawater sulfate before and/or dur- 
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ing the barite deposition at somewhat later stage under slightly higher 
pH and/or fg. conditions. 

(c) Chemical Environment of Ore Deposition. It seems certain that 
Cambro-Ordovician seawater sulfate has played a major role in determining 
sulfur isotope compositions of sulfide ores in the Anvil deposits. Mix- 
ing of seawater with ascending ore solutions seems to be the most likely 
mechanism for fixing final-sulfur isotope compositions. The mixing can 
take place in the following three ways: 

(i) seawater-rock interaction on the seafloor under geothermal 
conditions, 
(ii) discharging of ascending "juvenile" ore solutions onto the 
seafloor, 

(iii) redischarging of deeply circulated and heated seawater onto the 
seafloor (Spooner and Fyfe, 1973; Kajiwara, 1973a, b). 

In any case, we are concerned with the chemical environment at which 
mixing and ore deposition took place. 

The temperatures of ore deposition, from studies of fluid inclusions 
and sulfur isotope fractionation, are generally between 200° to" 2505C; 
From the stability fields of mineral assemblages like pyrite, galena, 
barite and sericite (muscovite) associated in the ores, we can define the 
Probable pH and fo, region at the above temperatures (Fig. VII-3a and b). 
In these figures, we can see that areas bounded by A, B, C and D define 
: the probable pH and fo, region during ore deposition; the region lies in 
the transitional zone between H7S and total oxidized sulfur species (SOZ, 
HSOy, KSOz, NaSO4). It is also noted that total sulfur in the ore solu- 
tion is probably between 0.1 to 0.001 mole/kg H70 since the pyrite and 


barite fields with this range of total sulfur content are stable within 
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Figure VII-3 
Comparison of the mole fractions of aqueous sulfur species with the 
stability fields of Fe-S-O minerals and barite. Dashed and solid lines: 
mineral stability boundaries; dotted lines: aqueous species boundaries. 
----: Mineral stability fields at 2S = 0.001 moles/kg H20. 
—-— : Mineral stability fields at 2S = 0.1 moles/kg H90. 
The barite solubility boundaries are given for an assumed barium concen- 
tration of 0.001 mole and mpatt myg = One (Ohmoto, 1972; Kajiwara, 
L971). 
The stability field of muscovite (sericite) is given for I = 1.0 and 
fo = 0.1 mole and calculated from the data of Hemley (1959). 
The stability boundaries of aqueous sulfur species are given for mole 


fractions of O25. 


K1: Kaolinite; Ms: Muscovite; Kf: K-feldspar 


Fig. VII-3a. 


T= 290°C 
T= 1.0 


I al 


~34 


-46 


~ 43 


Kl Ms Kf T= 200° 


ee eteseecoe 


DN se eee ick) | A Sa. ce 


Were ee eee ee 


~ ee Se Bees 


em ee ee ee ee 


375 


the pH-fo, region. It will be shown later that a narrower range of total 
sulfur content in ore solution can be further defined by combining the 
diagrams with sulfur isotope compositions of sulfides and sulfates. The 
major factors which control the sulfur isotope compositions of minerals 
are, besides temperature, sulfur isotope composition of total dissolved 
sulfur species OOD in ore solutions, which is controlled by the source 
of sulfur, and the mole fractions of oxidized and reduced sulfur species 
in solution. Since the latter can be evaluated in terms of T, pH, ionic 
strength (I), and fo of the ore solution, we can also evaluate the varia- 
ion of ss? of minerals in terms of T, pH, I and foo: Under isotopic 
equilibrium conditions of aqueous sulfate and sulfide ions, ose can be 
approximated by Sore = Sao x X;, where i denotes the aqueous sulfur 
species H9S, HS, $ , SOZ (SOZ, HSO,, KSOZ and NaSOZ) and X is the mole 
fraction (see Ohmoto, 1972). In the pH-fo, region defined by mineral 
assemblages at 200° and 250°C, the range of ee can be roughly estimated 
when the range of soc values of pyrite and barite in the deposits is 
approximated as that of HS and SO4 in ore solution, respectively. Mini- 
mum estimate of £05 for ore deposition has been made from galena-barite 
pair (see Chapter V). The results of cae estimate are given in Table 
VII-4. Since seawater sulfate was probably dominant in the mixed solution 
during ore deposition, the range of Sse for higher pH (6), S0, dominant 
field should therefore be more representative of the ore solution. The 


minimum 5924 value of about 25% is then taken as a first approximation. 


DHS 
The overall mean value of the range is also around Dafoe sit shouldabe 
hoted too that maximum éSne in lower pH (4.2), H2S dominant field and mini- 
mum ag in higher pH (6), SO] dominant field agree well and are around 


25%... Furthermore, pyrrhotites or minerals equilibrated with pyrrhotites 
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TABLE VII-4 


ESTIMATES OF 6S2* (ZS) in Ore Solution, 
Anvil Range District 


Conditions Range of ss34 (rs) (Z) 
ae = 200°C, £0,°= rg i 
pre 4.2, XHS 20.9), Xsoz = 0.1 7 oe 30 
pH = 6.0, Xi at) St, XsoF = 0.9 oes? 
ere 250°C, fo, = Tomes 
pH = ae XHoS = O76. XsoF = 0.4 12 26 
pH = 6.0, XH»S = O01). Xso7 = 0.99 24 v 36 


a 


25 (mean) 


ee 


a PY 7 EE ILO off vex GD Whoa 10-23 Ti er 
fobasnid gaaad, Sivna 


- - = 
” - E é : is 


Oi 


are found to be close in sulfur isotope composition to total sulfur in 
ore solution and generally within a few permils (Ohmoto, 1972). Anvil 
pyrites examined by the writer have a maximum value of about 20%.in Faro, 
25% in Grum, 20%. in Swim Lakes and 18% in Vangorda. Campbell and Ethier 
(1974) report ss" values of pyrites in Faro No. 1 orebody in between 
Me to 25.9275 (average 21.77%). Thus ase. value is most probably around 
Peeto 257% - 

Based on the calculation of mole fractions of all aqueous sulfur 
species as functions of pH and fo, (see APL computer program XS, Appendix 
VII-2) at given oie Sena and ionic strength (derived from NaCl wt. Z 
estimation in fluid inclusions), rere values of sulfide, sulfate minerals 
or aqueous sulfur species for a given $836 can be expressed as functions 
Or pH, £O>> T, I (see APL computer program DSI, Appendix VII-2), and the 
fesults for pyrite and barite are shown in Fig. VII-4a and b. It can be 
observed that over the range of 6s°" values of pyrite (11124%) or barite 
(25v37%) in between pH = 4.2 to 6.0 (sericite stability field), the most. 


z Bais 3345 
a) 10 Stee pyuttes andel0l-- 52 comed 


-41.5 


probable fo, range is 10 
for barites at 250°C (Fig. VII-4a), 10 to tear for pyrites and 

my o-> to 10738 for barites at 200°C (Fig. VII-4b). It is worth recalling 
that estimates of minimum £0 from the galena-barite method give Wee at 
250°C and 10770 at 200°C (Chapter V). Conversely, by using these estimates 
of fOo> over the range of ae values of pyrite and barite, the most likely 
pH during ore deposition at 250°C is generally 4 to 5.5 for pyrite, and 

5.5 to 6.0 for barites; and at 200°C, 4.3 to 5.5 for pyrites and 5.5 to 6.0 
for barites. Therefore, it is apparent from the above observation that 


barite deposition probably took place ina slightly higher pH and fo, en- 


vironment than the sulfide ores. 
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Fig. VII-4. (a) and (b), Comparison of the positions of 6834 contours 
of pyrite and barite with stability fields of minerals. 
Dashed and solid lines are mineral stability boundaries, 


dotted lines are 6S34 contours. 
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Fig. VII-4(b). 
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We can also estimate the approximate concentration of total dissolved 
sulfur (total sulfur content) in ore solutions from Fig. VII-4 by compar- 
ing mineral stability fields of chalcopyrite-pyritetbornite, pyrite- 
pyrrhotite and barite constructed for various values of total sulfur con- 
tent with sulfur isotope compositions of the minerals. It is indicated 
EZom this comparison that the total sulfur content of ore solutions was 
most probably around 0.01 to 0.001 mole/kg H90. 

Finally, it is important to evaluate quantitatively the proportions 
of aqueous sulfur species in the mixing process. From the calculation of 
mole fractions of aqueous sulfur species in terms of pH, foo» Te and <5, 
the important sulfur species and their proportions in ore solution during 
sulfide and barite formation are given in Table VII-5. It is evident 
that during sulfide deposition, HjS and SOF were in chemical equilibrium 
around pH of 4 to 5.0; SO, increased in proportion as pH increased to 5.5; 
HS was a minor species and generally did not exceed 5 mole %. During 
barite deposition, the chemical environment was characterized by slightly 
higher pH and £05» SO] was the dominant species probably in partial equi- 
librium with H9S which constituted less than 5 mole Z; no HS was present. 

Lusk (1972) has proposed a simple mixing model in which seawater sul- 
fate is mixed wach magmatic sulfur in a vent fluid system in which the 
redox condition is mainly SOZ, H)S with negligible SO. Assuming various 
mixing proportions of seawater sulfate and magmatic Se the 6S” values 
of "final sulfate" in the mixed fluid in equilibrium with H2S can be calcu- 


lated. Taking a mean value of 30% as the isotopic composition of Cambro- 


values of pyrites as approximate 


5 34 
Compositions of vent fluid HS (range: 11 to 257%), mean? 15°562)5<the $5 


3 
Ordovician seawater sulfate, and 45S 


ce w : 
Values of the vent fluid mixture and "final sulfates" are calculated and 
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TABLE VII-5 


Proportions of Aqueous Sulfur Species 
During Ore Deposition, 
Anvil Range District 


Sulfide (pyrite) Sulfate (barite) 

te : Deposition Deposition 
200°C Xtyg 0.9 v 0.3 0.05 v 0.01 

Xgoz 0.1 v 0.65 0.95 ~ 0.99 

Xys7 <i 0.05 sae 
250°C Xyog 0.7% 0.01 0.01 

XsoZ 0.31%) 0.99 0.99 

Xyus7 0 0 


pH Stee S 5.5 v 6.0 
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shown in Table VII-6. The following observations can be achieved from 
the calculation: 

(i) At a redox condition of SO, = H9S (i.e. initial mixing), mix- 
ing proportion of seawater sulfate/magmatic sulfur is about 5:1 over the 
éSiies range of 11 to 25% at a vent fluid mixture isotope composition of 
252, (= éso¢ of the previous discussion) and "final sulfate" compositions 
m2) to’ 39Z%,. 

(ii) At a redox condition of SO, = 1000 x HoS (i.e. SO, dominant) , 
mixing proportion of seawater sulfate/magmatic sulfur is at least 5:1 
over the same ae of H9S isotope compositions at "final sulfate" and 
vent fluid mixture isotope compositions of 25Z.. 

(iii) A decline in temperature favors progressive a depletion in 
H9S and 5° enrichment in coexisting sulfate when the composition of the 
latter is different from that of fresh seawater sulfate; whereas progres- 
Sively more oxidizing conditions favor S°. depletion in the final sulfate 
compositions. Thus, sulfate can be either lighter or heavier than 30% 
under different redox conditions. 

(iv)* A wide range of — enriched H7S compositions (equivalent to 
compositions of precipitated sulfide minerals) could be produced by the 
physico-chemical conditions assumed provided that the mixing proportions 
of fresh seawater sulfate is more than 50% of total vent fluid sulfur 
(i.e. 1:1), redox conditions are not too reducing (i.e. not as reducing 
as in redox condition A: H»S >> S0,), and that temperatures are between 


240-350°C, 


.. ee 
*Ohmoto et al. (1976) reported that gs values of sulfide minerals formed 


: ° . | a rela ° 
in a basalt-seawater interaction experiment (conditions: p=0.6vl Kb, T=300', 


400°, 500°C, water/rock weight ratio = 1, 2, and 3, and time = 170270 
Thus the heaviest composition 


days) have a range between +8.0 to +20.7ho> I 
of sulfides approaches that of present-day seawater sulfate (+202). 
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(v) Mixing of seawater sulfate with a hypothetical ore fluid having 
a 6S 4 value of +10% still produces vent fluid mixture with isotope compo- 
sitions only slightly higher than that with magmatic sulfur (for mixing 
proportions of 5:1 up to 100:1, vent fluid mixture ss values are only 
higher by 1.7%-or less). 

Therefore, the "final" ore solution that was derived from mixing of 
ascending hydrothermal fluid with seawater probably had a proportion of 
S04 to H29S of at least 5:1, or about 80 mole % SO, 5 and 20 mole % H9S. 

The chemical environment in which original fluids discharged onto 
the seafloor and mixing and ore deposition took place was characterized 
by lower pH and £05 with considerable amounts of H,S besides SO); tem- 
perature was probably slightly higher during sulfide ore deposition; as 
mixing and ore deposition proceeded, a rise in pH and £05 coupled with a 
slight decline in temperature and H7S proportion witnessed the deposition 


of barite and the remaining sulfides. 


4. Frances Lake District 

(a) Results. Sixty-nine sulfur isotope analyses were made on galena, 
sphalerite and pyrite from the Thompson Creek ore deposit. The samples 
were taken from drill holes with significant ore intersections and are 
representative of the deposit. In addition, oxygen isotope analyses of 
quartz separates from five typical ore specimens were also made. 

The sulfur isotope data and calculated isotope fractionation temper- 


atures are given in Table VII-7. The isotope fractionation factor used to 


Calculate temperatures for pyrite-galena pair is derived from a plot of 


34 


Aés 34 i909, VII-5) which gives an average of 1000 ln 
Py-cn Versus pes cn (Fig 


“Py eee -25 xX 10° x T72 with a range of 8.0 v 10.5 x 10? x T-2. This 
-Gn 


is in good agreement with that defined by Rye et al. (1974). 
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Fig. VII-5. Sulfur isotope fractionations between pyrite- 
galena and sphalerite-galena pairs, Thompson 
Creek deposit, Frances Lake district. 
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Fig. VII-6. Variation of sulfur isotope compositions in 
sulfide minerals, Thompson Creek deposit. 
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An attempt was made to analyze isotope composition of Sb-Pb sulfosalt 
minerals, but this was not successful due to too small quantity of sepa- 
rates and also the intimate mixture of galena in the separates. According 
to the results from Keno Hill - Galena Hill Pb~Zn-Ag-Cd deposits, Yukon 
(Boyle et al., 1970), sulfosalts generally overlap or are slightly lighter 
in sulfur isotope compositions than galena. Theoretical prediction based 
on bond strengths in minerals (Bachinski, 1969) also indicates that stib- 
nite, an antimony sulfide, is lighter than galena in sulfur isotope compo- 
sition. 

The 3°! values of sulfide ores typically range between 9.6 and 17.8%, 
the variation of the 6s°t values of each mineral is shown in Fig. VII-6. 

Disseminated pyrite in quartz-sericite eye schist (tuffaceous meta- 
sediments ?) and graphitic chlorite sericite schist in the drill hole in- 
tersection was also analyzed for sulfur isotope compositions. The results 
indicate a very narrow range of 14.4 to 14.9%. and fall within the isotope 
composition range of pyrite from ores (13.1 to 17.8%). 

(b) Sulfur Isotope Fractionation and Chemical Environment. Comparison 
of the sulfur isotope compositions of galena, sphalerite and pyrite in ores 
reveals that isotope equilibrium has been attained among these sulfide 
Minerals, as evidenced by the decreasing order of 5s> values pyrite > 
sphalerite > galena and the similar range of fractionation temperatures 
indicated by sphalerite-galena and pyrite-galena pairs. The higher tem- 
Peratures indicated by the three sphalerite-galena pairs (10-174.5, 
24-286.5, 24-308) are the consequence of contamination of chalcopyrite 
in galena and sulfosalt in sphalerite which tends to narrow the fraction- 
ation factor between the pair and thus yield apparently higher tempera- 


tures, Average temperature for sphalerite-galena isotope fractionation 


is 269°C and that for pyrite-galena is 299720. 
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Fluid inclusion and sulfur isotope studies thus indicate a moderate 
range of formation temperatures for the deposit, ranging from 200 to 
slightly over 300°C. 250°C is chosen arbitrarily as an average formation 
temperature and will be used in the following thermochemical considera- 
tions. 

Defining the stability fields of mineral assemblages pyrite, po, 
epy, bn, hmt and mgt in terms of temperature, £9, and fs» (Fig. VII-7), 
we can estimate the range of fo, and fs during ore deposition in which 
pyrite, chalcopyrite together with galena and sphalerite were stable 
assemblages. In the fo,-T diagram (Fig. VII-7a), pyrite-mgt curve defines 
the lower limit of £0, whereas pyrite-hematite curve defines the upper 
limit of fo, at given temperature; in the fs,-T diagram (Fig. VII-7b), 
pyrite-magnetite curve defines the lower limit of fs. whereas pyrite + 


bornite - cpy curve defines the upper limit of fs. at a given temperature. 


The estimates derived from these diagrams at 250°C are as follows: 


Since fluid inclusion study indicates that the ore fluid boiled below the 
seafloor and ore deposition accurred as replacement in the sedimentary 
rocks, we can assume that the ores must have equilibrated with the mineral 
assemblage (quartz, sericite, and graphite) of the host rocks. Again, 
defining the stability fields of sericite (with excess quartz), graphite, 
Pyrite, pyrrhotite, chalcopyrite, bornite in terms of fo, and pH at given 
temperature and specified 12S, Kr and C concentrations (Fig. VII-8), we can 
estimate the maximum possible range of fo, by py-po stability field at a 
Maximum concentration of £S = 0.1 mole/kg H20 (Ohmoto, 1972) and the most 


Probable range of fo, by pytbn-cpy stability field also at the maximum 
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Comparison of the positions of stability fields 
of Fe-S-O minerals, chalcopyrite, bornite, 
graphite and sericite (muscovite). T=250°C, 
I=2.0. 4 


- - : Mineral boundaries at 2S=0.1 moles/kg H20. 


-*- : Graphite stability field at IC= 1 mole/kg H20. 


— : Sericite - K-feldspar (Kf) boundary at 
K+ = 0.001 moles/kg H70, and kaolinite (Kl) - 
-sericite boundary at Kt = 0.1 moles/kg H»0. 
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concentration of ZS of 0.1 mole/kg H720. At 250°C, and within sericite 
stability field the maximum possible range of fo, during ore deposition 


is “aa to noe? and the most probable range of fo. is 1022-6 to 


ne"? The latter estimate agrees well with the fo, range estimated 
from independent method using Fig. VII-7a. Stability fields of sericite 
and graphite indicate a fo, range of Lge te to footvee The field for 
sericite (muscovite) in Fig. VII-8 is the maximum stability field, since 
mKk+ in ore-forming fluids seul lies outside of 0.001 to 1 m range 
(Ohmoto, 1972). 

gs34 values of sedimentary pyrite average 14.6%., The similarity of 
gs>" value in sedimentary pyrite and most pyrites in ores suggests that 
the latter might have been mainly derived from leaching or extraction 
from sedimentary sulfides. Pyrite as disseminations in quartz sericite 
eye schist and phyllitic rocks are very common in the region. On 
other hand, the complete absence of any sulfate minerals or deposits in 
the adjacent areas suggest that aqueous sulfate species such as S04, 
HSOz, KSO] and NaSO, could not have been present in any significant 
amount. The major possible aqueous species are then H2S and its dissoc- 
iation products HS and S . Sakai (1968) has shown that the apparent 


isotope composition of a H2S solution, 6Ssy5g is defined as: 


Pomios = “Hs ° Sus +t Xus~ ° *Sus” * Xs S ( 


where TH9S is total aqueous sulfide ions (H2S, HS and 5 ) and X; denotes 
mole fraction of each ion. He further showed that the isotope composition 
of a precipitated sulfide mineral SS¢fd is defined as: 


In asiys (T, pH) 
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where In eae is the fractionation factor between a sulfide finerart and 
aqueous sulfide ions as a function of T and pH, R is the atomic ratio of 
the precipitated sulfur (as sulfide Teena) to aqueous sulfide ions 
remaining in the solution, and SSH9S is the isotope composition of aque- 
ous sulfide ions before the precipitation of the sulfide. 

For finely porous wall rocks such as marine sediments or pyroclastic 
tuffs, it is reasonable to assume that mineralization results locally in 
total precipitation of aqueous sulfide ions (i.e. R = eo ee this 
case, sulfur isotope composition of precipitated sulfide (such as pyrite) 
would approactr 6S3115¢ in solution as the second term in the right hand 
side of Equation VII-2 approaches zero. sso is usually larger than 
8SsH9S> but the difference would become very small as R approaches zero 
(Sakai, 1968). If gs" values of sedimentary pyrite can be approximated 
to be SHS and pyrite in the main ore zone as 6S.¢q, and if isotope 
equilibrium was maintained between the aqueous sulfide ions and precipi- 
tated sulfides, the maximum difference in isotope composition between 
sedimentary pyrite and the main ore pyrite would be taken as the minimum 
estimation of In atts in the ore fluid. The maximum Gee difference of 
the two pyrites is 17.8%- 14.4%= 3.4%. Defining In affg (= 3.4%) as 
a function of pH and T (Fig. VII-9a), we can estimate the probable pH 
Bee of the ore solution: at 250°C, pH is estimated to be about 7. pH 
of the ore solution can also be estimated by the following three inde- 
Pendent methods: 

(i) Defining Sins as a function of pH, T, fo, and 6SyH9S (Fig. 
VII-9b, modified after the method proposed by Ohmoto, 1972), the most 


Probable pH range is as follows: 
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at as = 13%, £05 = Venere T = 250°C, pH = 5.5 (minimum) 
Ba . _ 41n740 s 
at By = 17.8%, fo, = 10 » L = 250°C, pH = 7.5 (maximum) 


(ii) Defining the stability fields of pyrite, magnetite, chalcopy- 
rite and bornite as functions of pH and T (Fig. VII-9c), within the sta- 
bility fields of pyrite and chalcopyrite, pH is estimated to be 5.55.9 
mee 250°C. 

(iii) Defining the stability fields of sericite, quartz, kaolinite 
and K-feldspar in terms of pH, T (Fig. VII-9c), the probable pH range 
within the stability fields of sericite and quartz at 250°C would be 
around 5.5 to 6.6. 

Therefore, the overall estimates of pH of ore solution in the Thompson 
Creek deposit indicate a possible range of 5.5 to 7.5, i.e. about neutral 
to slightly alkaline. 

If isotope equilibrium was attained among the aqueous sulfide species 
and the precipitated sulfide minerals, it would be possible to further 
evaluate the relative amounts of the major sulfur species in the original 
Ore solution. Taking 14.6% as the mean ss? value for total aqueous sul- 
fide species, we can define the isotope fractionation between each sulfide 
mineral and aqueous species (i.e. between galena-H?2S, sphalerite-H9S, 
8alena-HS , Prnalesi tess, galena-S , and sphalerite-S ) in terms of T 


= -40 -38.5 
Over the probable fo, range (10 a to 10 , mean: 10 


). The data 
Siven by Sakai (1968), Kajiwara and Krouse (1971) and Czamanske and Rye 
(1974) for sulfide minerals and aqueous sulfur species are used to con- 
Struct such a 55347 diagram as shown in Fig. VII-10. As stated ones SS 
minor uncertainties exist among these theoretical and experimental data. 


However, most of the isotope data of galena and sphalerite are best 


described by isotope fractionation with either H2S dominant or HS 
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dominant solution as is apparent from the good fit of most data points 
to the fractionation curves. Fourteen out of 22 data points (63%) can 
be fitted to Gn-H7S and Sp-H2S curves; 6 out of 22 data points (27%) 
to Gn-HS and Sp-HS curves. The data points cannot be described by 
fractionation of sulfide minerals with S$ . Based on the extensive cal- 
culation of mole fractions of aqueous sulfur species in terms of foo» 
pH, T, and I (using APL program XS, see Appendix VII-2; see also Ohmoto, 
1972, Fig. 3), the relative amounts of H2S and HS can be estimated at 
the selected thermochemical parameters. At 250°C, I = 1.0, at an average 
£0. = 1 RS and pH = 6.5, the approximate mole fractions of H2S and 
HS are 0.7 (70%) and 0.3 (30%), respectively. This estimate agrees 
well with the proportion indicated by the above fitting of data points 
to the fractionation curves. 

(c) Oxygen Isotope Composition of Ore Solution. Oxygen isotope 


analyses were determined on five samples of quartz from the ores. Their 


isotope compositions are as follows: 


Sample yenies (%) 
(Trench) 572 #1 13.9 : 
. 572° e2 14.0 
‘ 572 #4 1333 
DDH 2-140 1337 
DDH 7-95 13.4 
(mean) 137 


18 
The data indicate a very uniform 508 range. The 60 values of quartz 


depend on Wg of hydrothermal ore solutions, the temperature of crystal- 


lization and the extent of isotopic exchange. The isotope compositions 


of hydrothermal solutions may provide information pertaining to their 


vr 18 a 
Crigin. There are two approaches to determining 60° values of hydro 
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thermal solutions: (1) measurement of the isctope compositions of the 
fluid inclusions, (2) calculation of the isotope compositions of hydro- 
thermal solutions in equilibrium with a hydrothermal mineral. The first 
approach is not preferred because firstly, fluid inclusions in silicate 
minerals may have undergone oxygen isotope exchange with the silicate 
oxygen at lower temperatures than that of the crystallization of the 
mineral (Rye, 1966), and secondly, mixing of fluid inclusions of differ- 
ent origins during extraction is unavoidable and might contribute to 
erroneous results. In the present work, sot® of ore solution was cal- 
culated on the basis of the estimated temperature of crystallization of 
quartz, the quartz-water isotope fractionation factor, and the measured 
isotope composition of quartz samples. The calculation is based on the 
assumption that the quartz was in isotope equilibrium with the hydrothermal 
solution at the temperature of crystallization and that the amount of 
solution was negligible compared to the amount of silica. The oxygen iso- 
tope fractionation factor a Be: the quartz-water equilibrium in the tem- 


perature range of 200° ~ 500°C is given by Clayton et al. (1972) as: 


1000 In ag-w = 3.38 x ish japanese RL 
Since 


mei000 e= OOA” 
50 is @tad ee Se Of) 


. 18 
1000 + 602 


Therefore, 
604° = (1000 + 809° - 1000 og—W) = AQ_W 


If crystallization temperature of quartz is taken to be 250°C (cf. filling 


18 


temperatures of fluid inclusions in quartz), and the mean 509 = 13.72% 


, ie : y 
then the isotope composition of ore solution 60, is estimated to be 4.64. 


Since no deuterium/hydrogen isotope ratio was available for the 


hydrothermal solution, we can only interprete the oxygen isotope data from 
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their affinity and range as compared to other natural waters. The 604° 
value of 4.6% is too heavy for the solution to be pure seawater or mete- 
oric water; on the other hand, oil field brines (essentially meteoric 
ground waters) are ruled out as a possible source on the ground that they 
generally display a large variation of ius (from highly negative to 

about 10%), and that no evidence of hydrocarbons was ever found in fluid 
inclusions in quartz. Waters equilibrated with magmatic bodies or igneous 
rocks at high temperatures generally have 07° values ranging from 5.5 
EO1OZ, . Metamorphic pore waters, i.e. waters present during regional 
metamorphism of rocks, have a wide range of sot? (5 to 25%). Metamorphosed 
sedimentary rocks and their constituent minerals have a wide range in 

‘a simply because they retain in large part their original sedimentary 
6018 values during metamorphism: shales, limestones, and cherts all tend 


eC (15 to 35%) whereas sandstones, graywackes, ark- 


to be very rich in 60 
oses and volcanogenic sediments tend to be low in 5018 (8 to. 132)) Glaylor, 
1974). | 

Devereux (1968) has found that 5018 values of quartz in greenschist 
facies rocks from Otago, New Zealand display a very uniform range from 
13.8 to 16.9% (mean 14.5); likewise, Garlick and Epstein (1967) reported 
a uniform range Se 5018 values (12 ~ 16%) for quartz in metasedimentary 
Schists from Vermont, U.S.A.. The metamorphic grade of these schists is 
Similar to that of the phyllitic schists in the Frances Lake district, 


18 ; 
i.e. in the lower ~ medium greenschist facies. The 60 of waters in 


equilibrium with the Otago schists as calculated from isotope fractiona- 


tion of constituent minerals (quartz, albite, calcite, magnetite) is about 


4% at 270°C (Devereux, 1968). 
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Waters present during metamorphism of sediments are mainly pore 
fluids in sediments and waters produced by dehydration of sedimentary 
minerals during metamorphism. eee isotope - cation exchange through 
the medium of hydrothermal fluids can occur in rocks during regional 
metamorphism (Taylor et al., 1963). It follows that if the minerals in 
a rock are approaching isotope equilibrium any change in the 5018 of one 
mineral must be balanced by a change in the sore of another mineral or 
oxygen-bearing phase. However, the amount of change in so78 for a par- 
ticular mineral will depend on its relative abundance. An abundant min- 
eral would act as an isotope "reservoir" and would change less than a 
rare mineral. If the quartz in the Thompson Creek ores was derived from 
waters present in rocks during metamorphism, and since quartz is abun- 
dant in the metasediments in Frances Lake district, the composition of 
quartz should ee only slightly for rocks equilibrating at various tem- 
peratures. 

From extensive measurements of quartz in various types of hydrothermal 
ore deposits, Sugisaki and Jensen (1971) show that calculated 5028 of hy- 
drothermal fluids start to decrease with decreasing temperatures just below 
300°C, and they proposed that dilution and coglitieens the fluids by mixing 
with fa poor meteoric ground water as a Kintiale of lowering 07° of the 
fluids. pi sion and cooling of the ore fluids below 300°C have been ob- 
served from the data of fluid inclusions in the Thompson Creek quartz (cf. 
Chapter VI). An interesting coincidence (7) is encountered when the so28 
and T data of Thompson Creek quartz are plotted on their 609°-7 diagram 


7 18 ° 18 g 
(Fig. VII-11) as a function of 60+ At 250°C and a 60, of about Soy 


the corresponding Sore of quartz is about 1423 
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Fig. VII-11. Relationships between temperature and S077 


of quartz and 6018 of fluids from hydro- 
thermal ore deposits (after Sugisaki and 
Jensen, 1971). Cross: Thompson Creek 
data point. 
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It is concluded that the ore solution responsible for the Thompson 
Creek ore deposit was probably derived from waters which were equilibrated 
with the sediments during burial and/or seafloor geothermal metamorphism 
(Spooner and Fyfe, 1973) immediately followed sedimentation and apparently 
was subjected to cooling and dilution caused by mixing with meteoric for- 


mation waters (?) and/or by boiling just below the seafloor. 


See Howard's Pass District 

(a) Results. A total of 70 sulfur isotope analyses were made on pure 
galena, sphalerite and pyrite in the ore-bearing siltstone from the Canex 
Placer's main zone and Dynasty-Shield Resources' Pas claims in the Howard's 
Pass district. In addition, 3 isotope analyses of barite in siltstone 
from Ordovician and Silurian sequences in the adjacent areas were made to 
confirm the stratigraphy of the sequences. 

The isotope data and calculated fractionation temperatures are given 
in Table VII-8. The temperatures deduced from sphalerite-galena isotope 
fractionation are generally in the range of 63° to 168°C (except 29-381), 
with a mean of 140°C. Fractionation temperatures for some pyrite-galena 
pairs in which pyrite is exclusively "single crystals", non-framboidal py- 
tite, are generally between 111 to 182°C, averaging about 142°C. Fram- 
boidal Pite samples from ore-bearing siltstone show highly variable 
ss*4 values and generally do not conform to the isotope enrichment trend 
Of Py > Sp > Gn which is taken to indicate an equilibrium isotope exchange 
Condition. Excluding those samples which contain mixture of non-framboidal 
and framboidal pyrite, limited alieeee of framboidal pyrite indicate a 


7 range of -3.2 to 23.9% Single crystal, non-framboidal pyrite, where 


34 
Positively identified and separated, show heavy 6S~ ° values greater. than 


m.; Where pyrite separates contain a small mixture of framboidal pyrite, 
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the ss?" values are more variable but still enriched in oe (14.8128.1%). 
Py-Gn fractionation temperatures were not calculated for these pyrites 
because the results might not reflect equilibrium isotope conditions. 

(b) Sulfur Diagenesis in Sediments. During sedimentation and burial 
in a marine environment, reduction of trapped seawater sulfate in pore 
waters of sediments by bacteria is a major process in producing dissolved 
sulfur species (HS , H2S) in pore waters. Since bacteria metabolize 
decomposable organic compounds for their growth requirements, and in the 
process initial sulfate is used to oxidize organic carbon in the absence 
of oxygen (valid for most bottom waters), high concentration of organic 
matter in the sediments should favor a more rapid disappearance or reduc- 
tion of dissolved sulfate. If the reactive portion of organic matter in 
sediments can be considered to have the oxidation state of carbohydrate, 
bacterial reduction of sulfate will follow the stoichiometry of the fol- 


lowing reactions (Manheim and Sayles, 1974; Goldhaber and Kaplan, 1974): 
2[CH20] + SO, + HS + 2HCO3 (VII-3) 
6[CH20] + 3804 > 3HS + 3HCO3 + 3H2CO3 : (VII-4) 


From the investigations of chemical eee of pore waters of . 
marine sediments from the present ocean (Manheim et al., 1970; Presley et 
al., 1970; otal 1972; Shiskina, 1958; Kaplan et al., 19.63% 
Berner, 1964; Sweeney et al., 1973), the following general observations 
Can be made: 

(i) Dissolved sulfate in pore waters decrease to an asymptotic 


limit with increasing depths, while the residual sulfate becomes pro- 


8tessively enriched in ea 
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(ii) Dissolved sulfide in pore waters increases to a maximum and 
then decreases to a zone in which sulfate reduction becomes negligible 
or ceases; the dissolved sulfide generally shows a shift to an enrich- 
ment in 534 (Hartmann and Nielsen, 1969; oweeney et al., 19/9) - 

(iii) The majority of pH values measured in pore waters are in the 
narrow range of 6.9 to 8.2, despite the fact that seawater initially bur- 
ied is poorly buffered. If all sulfate is reduced from a given volume 
of pore waters (i.e. complete reduction) and the products remain in solu- 
tion, the pH of such a solution is calculated to be about 7 (Nissenbaum 
ieeel., 1972). BERL AeROY (1973) shows that the ultimate pH value in 
pore water with progressive depletion of dissolved sulfate (i.e. progres- 
sive enrichment of dissolved sulfide) is 6.9. 

(iv) Alkalinity increases with increasing amount of dissolved sul- 
fide in pore waters; alkalinity is believed to be a cumulative resuit of 
sulfate reduction, calcium carbonate precipitation, hydrolysis of basic 
nitrogen compounds, and authigenic silicate formation (Berner et al., 
1970). 

(v) Absence of measurable dissolved sulfide in uppermost surface 
layers of sediments in which iron sulfide was rapidly formed by the reac- 
tion between iron oxide or hydroxide adsorbed on clay minerals and gen- 


erated H9S according to the reaction: 


2FeO + OH + 3H9S 
(s) 2 


iron sulfide continues to react at a reduced rate at depth. 


(ah = 2FeS (.) + a + 4H90, 


The formation of pyrite framboids in sediments has been suggested 
by Schneiderhohn (1923), Love (1965) and Rickard (1970) to have occurred 
the 


through replacement of organic globules or cells with pyrite, i.e. 


Spheroidal texture of framboids is a pseudomorph requiring biogenic 
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involvement. On the other hand, Schouten (1946) suggested framboids are 
. formed by multiple crystallization of pyrite from a "hydrous iron mono- 
sulfide precursor gel" of spherical ek Recent laboratory advances in 
synthesizing inorganically formed framboids (Berner, 1969; Farrand, 1970; 
Sunagawa et al., 1971; Sweeney and Kaplan, 1973) have eliminated the ne- 
cessity of organic cells or globules to act as structures for framboid 
development. Sweeney and Kaplan (1973) synthesized pyrite framboids in 
both anhydrous and aqueous conditions. The mechanism for framboid for- 
mation can be summarized as follows: 

(i) Spherical texture is developed when the initial iron sulfide 
precipitate (e.g. mackinawite, FeSg,9) is transformed to greigite 
(Fe3S,) with elemental sulfur 3FeS + S° + Fe3S,. 

(ii) As greigite further converts to pyrite through the reaction 
Fe3S, + 2S° + 3FeS7, the spherical texture is either retained or changed 
by internal nucleation of pyrite crystals to form framboids. 

Framboidal texture is therefore presumptive evidence for precursor, 
metastable iron sulfide phases such as mackinawite and greigite. 

Downward ionic diffusion of sulfate into sediments and upward tonic 
diffusion of sulfide due to concentration around seates have been discussed 
by Goldhaber (1974) and Goldhaber and Kaplan (1974). However, it is pos- 


sible that diffusion of sulfate and sulfide is only of minor importance 


in sulfur diagenesis. 


During burial and compaction of sediments, upward displacement of 


Pore waters must occur, and this is most pronounced near the sediment- 


water interface. In areas of slow sedimentation, the relative effect of 


water migration will be small, because the water content of sediments is 


Telatively constant. In the rapidly depositing nearshore basins, deple- 
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tion of sulfate occurs quickly, but upward migration of water would not 
influence interaction between the solid and dissolved components (Gold- 
haber and Kaplan, 1974). | 

(c) Interpretation of Sulfur Isotope Data. Although moderately 
large variations in the S524 values of sphalerite (15.0 to 26.2%) and 
galena (8.5-26.5 %) occur, the relative constancy in ass?" values (3.6 
to 6.2%) suggests that the two sulfides are isotopically related and 
probably formed in isotope equilibrium or under conditions approaching 
this, from a common sulfur source of variable composition. Single crys- 
tal, non-framboidal pyrite shows ee values greater than coexisting 
sphalerite and galena, indicating that this pyrite was in or approaching 
isotope equilibrium with sphalerite and galena. Negative values of 
Ass?" (pyrite-galena or pyrite-sphalerite) calculated for framboidal py- 
rite constitute good evidence that isotope equilibrium between this sed- 
imentary pyrite and the Pb-Zn sulfides was not established. Therefore, 
on the basis of mineralogical and isotope evidence, two types of pyrite 
in the ees rine siltstone can be distinguished. 

Isotope data of framboidal pyrite show a spread of about 27% The 
heaviest ss74 value is about 24%, the minimum oe of seawater sulfate. 
of Ordovician age (Thode and Monster, 1965). Schwartz and Burnie (1973) 
show that ae distribution ranging from gs? of seawater sulfate to 
values about 25% lower in sedimentary sulfides typically indicates shal- 
low marine or nearshore environments with bacterial reduction of seawater 
sulfate in a closed-system (closed "batches" of sulfate). The cyclic 
Sedimentary sequences and widespread occurrence of carbonaceous matter © 
and pyrite in the sequences in the Howard's Pass district tend to indicate 


i i ri i ta- 
quiet deposition of carbonaceous mud in a closed marine basin. The re 
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tively heavy ey values of these iron sulfides can be accounted for if 
the basin was closed or restricted by a subaerial barrier so that bacter- 
ial reduction of the limited supply of seawater sulfate periodically went 
almost to completion. 

In shallow marine to nearshore environments, drastic lowering of 
sulfate concentration through dilution with freshwater will cause a mini- 
mum difference between 5st values of dissolved sulfate and sulfide and 
a large amount of sulfide would form with cone equal or near to that of 
dissolved sulfate (Schwartz and Burnie, 1973). 

Minimum limit of pH for the formation of acid-soluble metastable 
iron sulfides and elemental sulfur which subsequently react to form fram- 
boidal pyrite is 6.5 (Roberts et al., 1969; Rickard, 1969; Berner, 1964, 
1970). If most pyrite formed in the uppermost sediment layers, then the 
pH would be between 7 and 8. Temperatures of most synthesis experiments 
and bottom sediments with pyrite formation are probably around 0 % Zoic. 
If the marine system of the Ordovician sedimentation in the Howard's Pass 
district can be approximated by a closed, anaerobic, iron oxide, CaC03 
(+MgCO 3) and inert sediment-bearing system which lacks FeC03 (Gardner, 
1973), the asymptotic SO, concentration in pore waters is estimated to 
have a minimum of 0.0045 mole/kg Hj0; the SO, concentration in pore 
waters has been evaluated for modern marine sediments (among others, 
Kaplan, 1963; Clarke, 1942; Manheim and Sayles, 1971; Maphetm. etal 
1970; Sayles and Manheim, 1971; Sayles et al., 1971) and generally falls 
in the range of 0.005 to 0.01 mole/kg Ho0. Laboratory measurements on 
first and second dissociation constants of HS simulating sulfur diagene- 


Sis by Goldhaber (1974) indicate that dissolved sulfur in pore waters of 


Marine sediments exists predominantly as HS. (70 ~ 90% of the total), 


and H9S (10 ~ 30%); $~ comprises less than 1% of the total. 
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The isotope data of galena, sphalerite and "ore-stage" pyrite show 
a total spread of about 20%, (8.5 to 28.0%), and require a different pro- 
cess of sulfur diagenesis than that for framboidal pyrite formation. 
Since the most probable temperature range of ore deposition is between 
60 to 160°C with a mean of 140°C, bacterial reduction of sulfate in sed- 
iments does not seem to contribute the major dissolved sulfur for lead- 
zinc sulfide formation; besides, even allowing compaction as a major 
process for introducing metal ions towards the sediment surface or form- 
ing hot brine pools in the bottom sediment-water interface, the high tem- 
peratures Pequtrd some other process to produce H9S or HS for sulfide 
deposition. The ultimate cause for introducing hot brine with metal 
ions is difficult to resolve: thermal spring discharging into the closed 
basin would be a convenient process and readily account for the hot 
brine, although it is difficult to explain the fine-scale cyclic sequences 
involving mineralization: black calcareous siltstone (base) + bedded 
pyrite and minor lead-zinc sulfides in siltstone ~ grey, cherty or sili- 
ceous , Been ch calcareous siltstone (top) and repeat upward. A rather 
uniform periodical pulse of thermal spring discharge would be required to 
explain such cyclic sequences. If dewatering accompanying sediment com- 
paction after burial is the major driving energy for introducing heated, 
metal ion-bearing brines migrating upward or laterally into the sediment 
Surface on the closed basin, then cyclic sequences can be accounted for 
by a continuous and moderate sedimentation rate and accompany ing compac— 
tion. Assuming a geothermal gradient of 30°C/km, the source area of major 


Compaction and dewatering process would be at a depth of well over 2 kn. 


In any case, the isotope data and estimated temperatures require that 


a heat source be provided in the closed basin, sulfur can then be produced 
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by the following process as suggested by Toland (1960) and Orr (1974) as 
a precipitator of sulfides — chemical reduction of sulfate to H2S and 
elemental sulfur without significant isotope fractionation through the 
reactions: 
(i) sulfate-hydrogen sulfide reaction: 
SO, + 3H2S + 4S° + 2H,0 + 20H” 
(ii) oxidation of hydrocarbon by S°: 
fore eilaiss, (CHo)<t 2.66 H90 > 45S’ + 1.33 C05 
(iii) net reaction: 
$0, + 1.33 (CH>) + 0.66 HoO > HoS + 1.33 COo + 208” 
These reactions are simply a more detailed mechanism for the chemical 
reduction of sulfate by organic matter in which H7S is a catalyst as 
well as a reaction product. The net reaction is the same as for bac- 
terial reduction of sulfate except that the ratio of H2S to C09 will 
Vary with the state of oxidation of the organic matter oxidized (Orr, 
1974). The sulfate reduction process is therefore a kinetically con- 
trolled process that gives considerably less isotope fractionation than 
bacterial sulfate reduction because of some special circumstance. This 
circumstance is not understood but may involve the "closed-system effect" 
or complete reduction of sulfate supplied to the reduction site. Two 
Possible circumstances can be offered for the marine system under con- 
sideration: 
(i) If significant amounts of metal sulfides have formed by diffu- 
sion of seawater sulfate into the sediments without escape of sulfide 
Produced, then $24 of the sulfide will approach the 5s°4 value for sea- 


Water; as some sulfide forms near the sediment-water interface, the final 


6534 of total sulfide in any particular stratigraphic layer will be less 
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than 5S of seawater sulfate but may still be considerably larger than 
0% This will be found in places where organic content is high (thus a 
high content of reduced sulfur, including initial iron sulfide, elemental 
sulfur and dissolved sulfide), sedimentation rate is quite low, and the 
sulfate gradient is steep (i.e. rapid disappearance of dissolved sulfate 
with depths). 

(ii) If the content of pyrite sulfur in the surface sediment is low, 
the influence of the reduced form of dissolved sulfate on g5>" is higher; 
and if some sulfide formation occurs from chemical reduction of trapped 


34 34 


dissolved sulfate, 6S of the sulfide can be relatively enriched in S 


and approaches the sulfate. 


6. _ Summary 

Sulfate isotope study of sulfide ores and barites from the Anvil de- 
posits indicate that ie values of sulfide ores typically ranged between 
7.9 to 24.7%, and those of barites ranged between 24.9 to 36.8%. Sulfur 
isotope fractionation temperatures estimated by sphalerite-galena pairs 
fall in the range of 181 to 319°C, and temperatures estimated from the 
fractionation between pyrite and galena are generally consistent with 
sphalerite-galena temperatures. Isotopic equilibrium between galena, 
Sphalerite and pyrite was achieved in ore solutions, whereas only partial 


isotopic equilibrium was established between barite and sulfides. Thermo- 


34 ? : 
chemical consideration indicates that 6S of total dissolved sulfur in 


ore solutions was around 25%, pH of the solutions was between 46 for the 


entire period of sulfide-sulfate deposition, oxygen fugacity during ore 


-34 -41.5 ni 
deposition typically ranged between 10 yh) Ar 200 97.250 Ca" iw 


Portant aqueous sulfur species in ore solutions during sulfide ore depo- 


Sition were H2S S04 and HS ; and the total sulfur content of ore solutions 
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was around 0.01 % 0.001 mole/kg H20. It is concluded that Cambro-Ordo- 
vician seawater sulfate played a major role in determining sulfur isotope 
compositions of sulfide ores in the Anvil deposits. Mixing of seawater 
with ascending hot brines seems to be the most likely mechanism for fix- 
ing final sulfur isotope compositions of the ore solutions. 

ss°t values of sulfide ores in Thompson Creek deposit ranged between 
9.6 to 17.8%., and those of pyrite in country rocks ranged between 14.4 
to 14.9%. Temperatures estimated by sphalerite-galena isotope fractiona- 
tion were between 194 and 318°C, averaging 269°C, and those by pyrite- 
Pealena pair fers between 205 and 319°C, averaging 259°C. Isotope equili- 
brium was attained between the sulfide species. The range of £5 and fso 


settee) -40.3 -8.5 ee 


during ore deposition is estimated to be 10 to 10 “e and 10 


19-8 bars, respectively. pH of the ore solution was neutral to slightly 
alkaline (5.5 to 7.5). Most of the isotope data of galena and sphalerite 
are best described by isotope fractionation with either H2S or HS — domin- | 
ant solution. 

tee values of quartz from Thompson Creek deposit range between 13.3 
and 14.0%, averaging 13.7%; sot? of ore solution was estimated to be 
4.6%0. Waters equilibrated with sediments during burial and/or sub-sea- 
floor geothermal metamorphism seem a likely source for the ore solutions. 

6s°4 values of sphalerite, galena and "ore stage" pyrite in ore- 
bearing siltstone from Howard's Pass district have a range of 8.5 to 
28.1%, and those of sedimentary, framboidal pyrite typically display a 
large range of ay to 23.9%0. Temperatures deduced from sphalerite- 
8alena isotope fractionation are generally in the range of 63 to 168°C 
with a mean of 140°C, those for "ore stage" pyrite and galena fractiona- 


tion are between 111 to 182°C, averaging 142°C. Sulfur isotope data of 
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sedimentary pyrite can be interpreted to indicate a shallow marine or 
nearshore environment with bacterial reduction of interstitial seawater 
sulfate in a closed system. Analogy with modern marine sediments shows 
that pH of pore waters was between 7 and 8, SO, concentration fell be- 
tween 0.005 to 0.01 mole/kg H20, and dissolved sulfur existed predomi- 
nantly as HS and H9S. Isotope data and estimated temperatures of ore 
minerals require that a heat source be provided in a closed basin, and 
sulfur be produced by chemical reduction of sulfate to H2S and elemental - 


sulfur without significant isotope fractionation. 


C. STUDY OF LEAD ISOTOPES 
i.__General Statement 

The first lead isotope analysis was made in 1927 (Aston, 1927) and 
more detailed studies were undertaken before 1940 (Nier, 1938; Hoimes, 
A237)... The general theory and mathematical models used in the interpre- 
tation of lead isotopes can be found in the literature (Russell and Far- 
quhar, 1960; Kanasewich, 1962, 1968; Hamilton, 1965; Doe, 1970; Russell, 
1972; Gale and Mussett, 1973; Richards, Page and Black, 1976; Richards, 
1977 (in press)) and will not be reviewed here. However, pertinent equa- 
tions for interpretation of isotope data will be presented. 

The application of lead isotopes to the study of ore deposits has 
found new advances in recent years due to great improvement in analytical 
Precision techniques (Catanzaro, 1967; Cameron et al., 1969; Tatsumoto et 
al., 1972; Barnes et al., 1973; Arden and Gale, 1974; Stacey et al., 1969; 


Cooper et al., 1969) and new and better determinations of lead isotope . 


compositions of meteorites, U and Th decay constants and the age of the 


€arth (Tatsumoto et al., 1973; Jaffey et al., 19/71; LeRoux et al., 1963; 
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Tilton, 1973). Also, more realistic and dynamic approaches in interpret- 
ing the observed patterns of lead isotopes in cre deposits can be linked 
to many factors, among which long-term global tectonic interactions be- 
tween crusts and mantle and large-scale sedimentary and orogenic processes 
play the major role. 

Ore leads display either "primary" (or ordinary) or anomalous lead 
isotope patterns. Anomalous lead represents lead that has developed in 
more than one U-Th-Pb closed-system (i.e. multistage) and is generally be- 
lieved to be derivative from a crustal source. On the contrary, controversy 
exists as to the source of the "primary" ore leads. Apparent uniformity of 
U/Pb and Th/U ratios calculated for the source of many stratiform deposits 
has been cited as evidence for the mantle as the source (Russell, 1956; 
Stanton and Russell, 1959; Ostic et al., 1967; Kanasewich, 1968); the same 
uniformity can be explained by concentration and thorough mixing of large 
volume of crustal rocks (e.g. sediments) which give rise to the "primary" 
ore leads (Chow itt Pat tersor’ 1962; Brown, 1965; Armstrong, 1968; Richards, 
1971; Doe and Zartman, 1975). Th/U ratio calculated for the source region 
of primary leads is about 4 (Stacey et al., 1969; Cooper et als, 1969), 
which is similar to the average of measured Th/U ratios from shales (Rogers 
and Adams, 1969). Recent advances in the lead isotope measurement of Ceno- 
zoic oceanic basalts reveal that their lead isotope compositions are dif- 
ferent from Cenozoic primary ore leads (Tatsumoto, 1966a and b; Gast et al., 
1964; Gast, 1967; Patterson and Duffield, 1963; Oversby and Gast, 1970; 


Cooper and Richards, 1966; Oversby, 1971, 1972; Sun and Hanson, 1975; Sun 


238 ,,, 204 
and Jahn, 1975). The present-day values of U™~ /Pb for the source 


Tegion of basalt leads are significantly lower than those for stratiform 


Cre leads (Gast, 1967) Isotopic and chemical heterogeneities in the 
9 e 
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mantle have also been demonstrated (Gast et al., 1964; Tatsumoto, 1966a 
and bs; Sun and Hanson, 1975; Zartman and Tera, 1973; Graeser, 1969). 
Therefore, the case for a more or less direct mantle source for the 
"primary" ore leads is now very weak. Furthermore, the writer will 
present data and reasoning to show that "primary" lead pattern is not 
necessarily characteristic of large stratiform ore deposits, that anoma- 
lous lead pattern should be more frequently observed in many deposits 

of the so-called conformable lead types in the future, and that the 
patterns observed are largely the consequence of generation, migration 


and mixing of ore solutions under varying conditions. 


ge Experiments and Calibrations 


(a) Lead Extraction. Lead in galena was separated by conventional 
methods involving acid decomposition, anion exchange and dithiozone ex- 
traction. Lead in pyrite, sphalerite and barite was also separated by 
the same method, except that some different procedures were employed. 
Detailed description of the method of lead separation and extraction is 
given in Appendix VII-3. 

All glassware and teflon columns used in the separation and extrac- 
tion of lead Pe ebeenee in concentrated HNO3 and rinsed with triple- 
distilled water before each operation. Only triple-distilled water was 
used in preparing dilute concentrations of reagents. All chemical re- 
agents used were double-distilled. Although lead contamination after 
taking these precautionary measures was considered insignificant for 


Common lead analysis, several duplicate analyses were made to provide a 


check on the contamination level. The level of contamination was found 


to be negligible and well within experimental error. 
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(b) Lead Mounting on Filaments. Purified lead acid solution was 
transferred to a previously outgassed rhenium filament using phosphoric 
acid and silica gel solution as a mounting medium. The lead phosphate- 
silica gel mixture presumably underwent chemical reaction on the fila- 
ment when electric current was applied and finally formed a compound such 
as lead silica phosphate. A very small amount (v1 microgram or less) of 
lead is adequate for this type of emission source in the mass spectrom- 
eter to conduct more than one measurement. All analyses carried out in 
1975 used the phosphate-silica gel mounting technique. Those carried ott 
in 1973-1974 used lead sulfide mounted on a single tantalum filament and 


207 25204 


were performed with the Pb -Pb double-spiked normalization procedure 


described by Compston and Oversby (1969). Supplementary analyses of 
standards and samples were made using Pb(OH)9 mounted on a rhenium triple- 
filament (Catanzaro, 1967). Some of the earlier results (Kuo and Folins- 
bee, 1974) are reported and used in the present study. 

Detailed description of mounting procedures is given in Appendix 
VII-3. 

(c) Mass Spectrometric Measurement. Lead isotope analyses were made 
on a 12" radius curvature, 90° sector, single focussing mass spectrometer 
(described by Giimithts et al., 1971) in the Mass Spectrometry Laboratory, 
Dept. of Physics, University of Alberta. Digital techniques were used to 
Control the magnetic current supply and to read the signal from the mass 
Spectrometer. In the mass spectrometer source, the samples were ionized 


7 


at 1.5 to over 2.0 amps. filament current in a vacuum of about 1 x 10 


to'5'x vou atm. and accelerated to 4.5 kV. The filament current varied 


from one analysis to another, depending on sample size, amount of volatile 


elements present, etc.. The mass spectrum was scanned by incremental 
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magnetic field sweeping, this scanning being synchronized with the data 
reading of the beam signal which is recorded in digital form on magnetic 
tape. | 

The data reduction techniques have been reported by Cumming et al. 
(1971). The lead isotope data recorded on magnetic tape were processed 
in the following series of operations: the data are filtered, peaks are 
located, peak heights adjusted for baseline are determined along with the 
respective times, ratios of peak heights are determined by a polynomial 
fitting. The data were processed by a FORTRAN computer program written 
by G.L. Cumming. 


(d) Experimental Errors and Calibration of Standards. Analytical 


errors are attributed mostly to instrumental error derived from isotope 


04 


fractionation in the mass spectrometer, inaccurate measurements of Pb? 
mass spectra and non-linearity of the recording apparatus. The error 
caused by the latter varies in inverse proportion to peak height and 
results in a measured value lower than the true value, and is most pro- 
nounced Pee the ue mass spectra. This error could be masked by other 
errors in the measurement of ee spectra. Isotope fractionation in the 
mass spectrometer varies depending on the length as time of a measurement 
and the filament settings used. The most serious error occurs in measur- 
ing the ey Rose Mass spectrum because it is most susceptible to varia- 


tions in background. 


An indication of the expected Pb 4 error and fractionation effect 


can be effected by the intercomparison of NBS standard #981 (Equal Atom 


Lead) as shown in Table VII-9. Earlier calibration of Broken Hill #1 


Galena standard by double-spiked and triple-filament procedures is also 


given for reference. The calibrated and absolute values of the standards 
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are graphically shown in Fig. VII-12. It is evident that most errors can 

: 204 F 
be attributed to Pb measurement uncertainty, even though some isotopic 
fractionation effect exists in the phosphate-silica gel emission procedure. 


The normalization factors, i.e. degree of deviation from absolute values, 


are also given in Table VII-9. 


3. Results and Discussion 

(a) Anvil Range District. Lead isotope analyses of galena, pyrite, 
sphalerite and barite from Faro, Grum and Swim Lakes deposits were made. 
The results given in Table VII-10 are presented as absolute ratios, having 
been normalized to the absolute ratios of the NBS or Broken Hill standards. 

Lead isotope analyses of galena in massive ores and veins from the 
Anvil Range district have been previously reported by LeCouteur (1973). 
His results are used here for comparison. 

The isotope data are presented graphically in Fig. VII-1l3a and b. 
It is obvious from the figures that the Anvil ore leads display a dis- 
tinctly anomalous pattern. New and "better fit" growth curves have re- 
cently been proposed by many writers using new values of U and Th decay 
constants, precise measurement of troilite Pb and the age of the Earth 
(Sinha and Tilton, 1973; Oversby, 1973; Stacey and Kramers, 1975; Cumming 
and Richards, 1975; Doe and Zartman, 1975). Among these, the curves de- 
fined by Doe and Zartman and Cumming and Richards best approach the iso- 
tope data. Other curves (not shown) lie significantly below the data 
and Zartman (D + Z) represents "average 


Points. The curve given by Doe 


i i i f material from 
Crogene" throughout geologic time and average mixture o 


Continental and upper mantle ("as thenosphere") sources. The curve by 


Cumming and Richards (C + R) allows for the known discrepancy in young 
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Calibration of lead isotope standards. 
(a) N.B.C. #981 Equal Atom Lead Standard. 
Silica gel-phosphate method. Star: 
reported ratio by N.B.S. (1975 Analyses). 
(b) Broken Hill #1 Galena Standard (1973 
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"nodel ages" by providing for a steady linear change in U/Pb and Th/Pb 
throughout gealogical time. 

In Fig. VII-13a most ore jenduk(ese ene Al10-744 pyrite and galena 
veins in Anvil batholith) form a short linear array slightly above the 
C + R curve, and a primary isochron calculated for their average values 


206 jp1,204 = 18.388; pp? spp204 = 15.677) gives a model age of 260 


(Pb 
m.y., assuming "single-stage" evolution. This model age may be 150 m.y. 
too wens for the true formation age (Doe and Stacey, 1975). Thus the 
average formation or mineralization age could be 410 m.y. Two analyses 
of galena in veins cutting Anvil batholith probably represent regenerated 
material from the pre-existing massive ores during intrusion or related 
deformation, and can be considered as further mixing of Anvil ore leads 
with a radiogenic lead (see also Fig. VII-13b). The galena vein data 
points are shown only for reference and are not used in calculating 

Slope of anomalous lead lines. The least radiogenic lead shown by 
Al0-744 pyrite in massive ore from Grum deposit is rather unexpected and 
surprising; duplicate analyses show that the values are real and not 
errors due to contamination or instrumental operation in the laboratory. 
The anomalous lead line fitted through all the massive ore leads (Fig. 
VII-13a) has a slope of 0.0593 + 0.0097 and intersects the D + Z curve 

at about 50050 m.y. and 1400+100 m.y. This secondary isochron implies 
238 4%, 204 


that 1400 m.y. ago U™~ /Pb ratio was changed to a continuum of values 


which remained fixed between 1400 and 500 m.y. ago; in other words, 
there were "single-stage" leads at 1400 and 500 m.y. ago and second-stage 
238 204 


leads at 500 m.y. ago whose U /Pb ratios in the second-stage were 


2 W 5a 
either larger or smaller than those in the first stage. Only a "single 


Stage" lead at 1400 m.y. (A10-744 pyrite) and a series of second-stage 
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2 eeViI—13b...Lead isotope ratios for galena, sphalerite, pyrite and 


barite from massive ores and vein galena in Anvil area. 
Legend same as in Fig. VII-1l4a. . 
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leads at 500 m.y. whose U /Pb ratios are larger than those in the 
first stage are observed. The anomalous lead line in Fig. VII-l3a is 
tangential to the C+ R curve. If the formation time of mineralization 


and of the source are similar, that is, if tm > tg in the equation 


(Doe and Stacey, 1974): 


207 5204 pp207 Cva'-a) 2 
P = q 
7 fre.” i oo CER tae ale: sy Ge nee (VII-5) 


where A is decay constant of ‘ihe (= 0.155125 x 107”), A" is decay con- 
stant of ips (= 0.98485 x to7"y and t? is the "instantaneous evolution 


age", and R is the slope of an anomalous lead line. Rearranging Equa- 


tion VII-5: 
See eet (XK) 


The instantaneous evolution age of the Anvil ore leads is then calculated 
Eo be 306 m.y. 

In Fig. VII-13b, the anomalous lead line defined by the massive ore 
data points has a slope of 1.0244 + 0.0249, and the corresponding value 
of Th/U ratio in the integrated source system is calculated to be about 
3.05. The linear pattern also means that the ore lead in the region was 
incorporated in a crustal environment with a rather restricted or narrow 
Spee of Th/U ratios in the source rocks. Model age calculated for the 


206 ,,, 204 ‘ 
average compositions of all massive ore leads (Pb /Pb = 18.388; 


208... 204 


nee 6/Pb = 38.370) except Al0-744 pyrite is about. 250 m.y. on C +R 


curve, and about 170 m.y. on the D + Z curve. 


As pointed out by Cumming and Richards (1975), many lead isotope 
ratios seem to exhibit a general age dependency, but the true geological 


ages applicable to these ratios are much less certain. This is not sur- 
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prising if we accept that effects caused by chemical heterogeneities 
among major source environments in the earth such as oceanic ridges, 
active continental margins, and various intraplate regions are super- 
imposed on the isotope evolution of lead with time. Furthermore, as 
pointed out by Doe and Zartman (1975), extreme local isotopic varia- 
tion can be produced by the igneous and mineralization processes in 
the crustal environment. 

The anomalous and apparent multistage pattern of the Anvil ore 
leads can be explained by the following processes: 

(i) Circulation and/or interaction of heated seawater through a 
large volume of rocks ultimately gave rise to pulses of discharging 
fluids on the seafloor; different pulses might have slightly different 
lead isotope compositions when precipitating mineral layers. 

(ii) By and large the circulation and interaction probably took 
place in a rather "uniform" manner at shallower depths at which rocks 
were mostly sediments and volcanics with ages not too much different 
from the time of circulation-interaction-precipitation (i.e. we would 
expect closer relationship both in time and isotope composition between 
initial rock leads and ore leads). 

(iii) Minor agen SH or "irregular" circulation through much older 
rock types such as the Helikian basement below the then sedimentary 
cover might extract less radiogenic "acid-volatile" leads in solution 
which, if not well-mixed with the bulk of the brine system, could pos- 
sibly be preserved in the subsequently precipitated minerals or mineral 
layers. The only requirement for this process is that galena precipi- 


tated from the same solution should also have a less radiogenic composi- 


tion since a solution containing iron, lead and zinc would become domi- 
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nated by galena lead. No data on Al0-744 galena or sphalerite are avail- 
able at present. 

(iv) If a larger proportion Acakae extracted leads were derived 
from oceanic tholeiites and fine-grained sediments in the region (Chapter 
IV), isotope heterogeneity should be expected since modern oceanic thole- 
iites usually display distinct lead isotope heterogeneity (e.g. Cumming, 
1976). 

The above interpretation seems to be best substantiated Reutne ob- 
served isotope pattern and ages derived from intersections of the anoma- 
lous lead line with the "average orogenic evolution" curve of Doe and 
Zartman (1975) - mineralization (circulation-interaction-precipitation) 
probably took place around 500 + 50 m.y. ago and minor older and less 
radiogenic lead of 1400 + 100 m.y. probably represents material derived 
from Helikian basement rocks through deep or irregular circulation. If 
some small portions of the basement rocks were exposed through either 
block-faulting or uplifting as is common in the region of continental 
Separation, even normal shallow circulation (e.g. 0.6 ¥ 1.0 km, cf. 
Muehlenbachs, 1976) would be enough to extract leads from these rocks. 

The occurrence of variable and/or radiogenic leads derived by leach- 
ing of lead from country rocks with hot brines or volcanic fluids has 
been Le from a number of ldcalities, e.g. the Salton Sea (Doe et 
al., 1966), the Red Sea (Cooper and Richards, 1969a), and New Zealand 


(Cooper and Richards, 1969b) . 


(b) Frances Lake District. Lead isotope analyses were made on gal- 


ena and sphalerite from Thompson Creek deposit and pyrite from the host 


rocks. The normalized results are given in Table VII-1l. 
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Normalized Lead Isotope Ratios of ‘Ore Minerals and Host Rock 


Pyrites, Thompson Creek Deposit 
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(1) Analysis by double-spiked method 


(2) Analysis by silica gel-phosphate method 
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(2) 


(1) 
Pyrite from quartz 
sericite schist 


Oe 
Pyrite from quartz 
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The isotope data are plotted in Fig. VII-l4a and b. The ore and 
sedimentary pyrite leads are isotopically related and they form an anom- 
alous lead line with a slope of 0.1035 + 0.0058. The anomalous lead 
line intersects the D + Z curve at about 400 m.y. and the C + R curve at 
about 500 m.y. A two-stage calculation can be made for this secondary 
isochron using Equation VII-5: if mineralization age tm is 400 m.y., 
the integrated age of the source material for the ore lead (tg) is cal- 
culated to be 1450 m.y.; if the mineralization age tm is taken to be 500 
m.y., the integrated source age (t,) is calculated to be 1380 m.y. The 
significance of this older age cannot be resolved with the available 
data at hand, except to postulate that the anomalous ore leads were prob- 
ably the result of mixing an old lead with the rock leads in the region. 
Three metamorphosed stratabound deposits (Black Jack, Fir Tree, Ron of 
New Jersey Zinc Corp.) of lead-zinc-silver occur in the gneissic terrain 
about 30 miles east of the Frances Lake district; the age of mineraliza- 
tion is believed to be Proterozoic, even though precise stratigraphic 
control is difficult due to high grade metamorphism. If ore lead in the 
Thompson Creek deposit were derived from these or older deposits, then 
mixing with leads extracted from large volume of Beene could indeed | 
produce the observed anomalous pattern. Alternatively, the ore lead 
could very an be the mixing product of underlying Helikian basement 
rocks and the Cambro-Ordovician sediments (reworked basement ?) if heated 


or metamorphic formation water traversed and leached lead and other metals 


from these rocks (see Chapter VI). 


The scattered but crudely anomalous pattern of data points plotted 


in Fig. VII-14b probably indicate a4 variation in Th/U ratios in rocks 


from which the anomalous leads were derived; since a linear relationship 
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16.0 


Slope = 0./0356+ 0.00533 
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Fig. VII-14. Lead isotope ratios for ores and pyrite in host rocks, 


Thompson Creek deposit, Frances Lake district. 
Legend is the same as in Fig. VII-13. 
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should exist between "ordinary" and anomalous leads if the anomalous 
leads are mixtures of two uniform components, the scatter and non-linear- 
ity also suggest that mixing of several isotopically heterogeneous source 
materials was the main cause of ore lead formation. 

The secondary isochron ages of 400 ~ 500 m.y. agree with the Middle 
to Upper Cambrian age of the host rocks in which mineralization occurs. 

(c) Howard's Pass District. Lead isotope analyses were performed 
on galena, sphalerite, "ore-stage" pyrite and framboidal pyrite separates 
from ore-bearing siltstones, Howard's Pass district. Two sedimentary 
barites from siltstone of Silurian or younger age were also analyzed to 
compare with the ore and sedimentary pyrite leads. The results normalized 
to absolute ratios are given in Table VII-12 and presented graphically in 
Fig. VII-15a and b. 

In Fig. VII-15a, ores and one sedimentary pyrite plot along a linear 
array displaying again a distinctly anomalous pattern. Barites from 
Silurian siltstones have a distinctly different slope from that of the 
ore and ee leads and appear unrelated to them. Thus the ores pos- 
sibly originated prior to Silurian baritic siltstone deposition. Be- 
cause a linear relationship with sedimentary pyrite in Ordovician silt- . 
stone is idemonstrated, a sedimentary source seems likely. The best-fit 
anomalous line through the data points has a slope of 0.1367 + 0.0087 
and has an upper intersection with the D + Z curve at about 350 m.y. and 
with C + R curve at about 450 m.y. The uncertainty in age is probably 
about 50 m.y. The least radiogenic lead (DDH32-189 Galena) gives a model 


age of about 270 m.y. on the C + R curve. Assuming again a two-stage 


evolution, the integrated source age (ts) can be calculated from Equation 


VII-5; if ty = 350 my. ts is estimated to be 2015 my.; if tm = 450 my., 
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16.0 
Slope = 0.1367 + 0.0037 


Pb*°'7 Pbaae 


15.9 


{7.5 18.0 13.5 19.0 © 


39.0 


Pp2°®/ pp20+ 


33.0 


174.S {8.0 13-5 149.9 
perk] pple 


Pies Vil—15., Lead isotope ratios for ores, sedimentary pyrite 
and barites in siltstones, Howard's Pass district. 


(eos .o4 Yat.6 « oqele 
* : “9 <0 a ae % : * «! 
a = 
™. ? 
" Otte A Mt = E 
4 7 v ~, : . 
Png bad al — = oi 
+ er "rc — 
I AE - on * a 4 
™~ a 
a 
* te = - 
7 ie | 
Mae 
7 at ih 4 
— . # ~~ + 
= ~ x > « hd = 
‘ | 
s Z a) = 


| 7 
i 
é .. o Fars 
. ty 
= 4 ois = 
* 7 by 


is a 
~ id 
- P 7 4 4 
se 
* % * aa 
a - 
Fi 
& 2 SSE 
t 
a rs a 
1? 
x 
* 
: 
tf 
: ’ 3 ¢ a 
tne) ee 
i 
4 a 
. m -_ . ee. a 


aha as AES 
| : * . 7 7 are 
Jouk © 
ealstt Gatnomhhae « tstF0 ion wolint, ages 
erratic: avin p btavell <enetenete al ‘gees: 


- 
1 


po 


438 


B, will be 1960 m.y. The older age values are meaningless because no base- 
ment rocks of this age have ever been suspected to underlie the cratonic 
margin during lower Paleozoic time. It is also uncertain whether the lead 
component of this age represents material eroded or derived ultimately 

from the Bear craton further to the east. 

In Fig. VII-15b, ore and pyrite leads are scattered around the thoro- 
genic lead curves, indicating a variation in the Th/U ratios in source 
rocks and mixing of several isotopically heterogeneous source materials. 
The baritic siltstones plot significantly below the evolution curves. This 
behavior is characteristic of the upper crustal region which is enriched in 
U relative to Th. 

The deposits in the Howard's Pass district have been interpreted to 
have formed in a closed or restricted basin with ore solution derived 
through squeezing of brines out of the adjacent basins or through dewater- 
ing of sediments by compaction. If the ore leads were derived from sources 
where sediment accumulation approximates a single cycle, closed-basin condi- 
tions in Precambrian terrains (modern analogues are the Baltic Sea, Hudson's 
Bay, Lake Superior, Great Slave Lake), then the resultant leads would be 
More radiogenic than those derived from sources such as multiply reworked 
Sediments which approximate open ocean conditions (Doe and Zartman, 1975) 
Leads formed in enclosed basins or by lateral secretion (e.g. Mississippi 
Valley Pb-Zn ores) are generally highly radiogenic as compared to those 


formed in open ocean or from multiply reworked sediments (e.g. Pine Point 


deposit, N.W.T. and Bleiberg deposit, Austria). 


(d) Discussion. Lead isotope data from stratiform deposits of Anvil 


Range and Howard's Pass districts and stratabound replacement deposit of 


Frances Lake district all without exception display distinctive isotope 
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heterogeneities and indicate multistage and anomalous lead isotope pat- 
terns. The data plot on or above the new evolution curves of Cumming 


and Richards (1975) and Doe and Zartman (1975) with present-day ipa 


/ 
pp204 values in the ore leads greater than about 9.1% 9.2. The rela- 


tively high y228/p, 204 and Th/U values estimated for the environment in 
which mineralization took place indicate an exclusive or prominent upper 
' crustal source for the ore and initial rock leads in the lower Paleozoic 
continental margin geosyncline. 

The length of the anomalous lead line would depend upon the U/Pb 
ratio, the length of time available in the second stage (or higher stages), 
and the degree of homogenization in a geological system (Kanasewich, 1962). 
If the system remained closed and complete homogenization occurred, the 
final isotope ratios of ore leads could not be distinguished from a "single 
Stage" ordinary lead. Such a situation is probably approximated in depos- 
its of certain geological systems, e.g. island arc, active continental 
Margin, orogenic belt, peldgié séaimente: Logically speaking, however, 
the crust cannot be considered a perfect closed-system with respect to 
Pb, U, and Th and anomalous lead or isotope heterogeneity must result in 
more geological systems than was previously realized. Even in the rela- 
tively Ris .3 "he. Pass mentioned above, irregularities in lead isotope 
compositions should be expected since the materials involved in homogen- 
ization (or mixing), degree of homogenization (or extent of recycling) 
and the residence time of ore fluids (from generation to precipitation) 
between individual systems or even within each system, are variable. 


Thus for example, Bathurst deposit (in Middle Ordovician rocks) is more 


: : t 
tadiogenic than Silurian deposits of Australia (e.g. Captain's Flat and 


Cobar, N.S.W.). 
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The anomalous leads observed in the Anvil Range, Frances Lake and 
Howard's Pass districts typically display a "short period" anomalous lead 
pattern as was defined by Kanasewich (1962). Short period anomalous leads 
have the following features: 

(i) the duration of the second stage of lead evolution is short 
(generally less than a few tens or hundreds of million years) in comparison 
to the duration of the first stage. 

(ii) experimental precision is essential to recognize some of the 
short period anomalous leads which display a short elongated field of 
data points. 

(iii) the slope of most short period anomalous lead lines is very 
nearly tangential to a "single-stage" growth curve, presenting difficulty 
in estimating intersection ages. 

The short linear arrays shown by most Anvil ore leads excluding 
Al0-744 Pyrite and by the Thompson Creek and Howard's Pass ore leads have 
slopes either nearly tangent to or intersect the "single-stage" growth 
curve at very shallow angles, and the duration of the last stage (assuming 
Simple two-stage evolution, but really should be multistage, see discussion 
above) is generally in the order of 100 ~ 200 my. 

However, the magnitude of this duration should not be considered 
absolute or accepted uncritically because the extent of isotope variation 
observed might be due to other factors discussed before rather than simple 
age dependency. All that can be said is that for these deposits, leads 
extracted from source rocks developed for a short period of time in the 
Processes of transportation and mixing prior to final ore precipitation. 

The significance of the common existence of short period anomalous 


lead patterns or isotope heterogeneity within large stratiform (conforn- 
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able) ore deposits is hereby emphasized. Anvil deposits and Howard's 
Pass ores each probably amount to well over 100 million tons of lead and 
zinc ore. The modern examples (Fiz. Vit-16a) of short period anomalous 
leads can be found in the Red Sea (Chow, 1968; Cooper and Richards, 1969a; 
Delevaux et al., 1967; Delevaux and Doe, 1974), the Salton Sea (Doe et al., 
1966) brines which precipitate heavy metal sulfides and oxides at present. 

Ancient stratiform ore deposits that show distinctly anomalous leads 
(Fig. VII-16b and c) occur in all geological ages; these include: 

(i) Miocene: Um Gheig, and related deposits, East-central Egypt 

along Red Sea coast (Doe and Zartman, 1975). 

(44) Miocene: Kuroko deposits, Japan (Doe and Zartman, 1975; Sato 
and Sasaki, 19:73; Sate etrals; 1973). 

(iii) Middle Proterozoic: Mount Isa, and McArthur River (H.Y.C. 
deposit), Australia (Gulson, 1975; Richards, 1975). 

(iv) Middle Proterozoic: Sullivan and related deposits in the 
Aldridge Formation, Kimberley district, B.C. (Leech and Wanless, 1962; 
Zartman ped ceacey., 1971; LeCouteur, 1973). 

(v) Hudsonian to Helikian (1900 ~ 1140 m.y. ?): Ruttan Lake 
deposit, Manitoba (Haverslew, 1975). . 

(vi) Archean (2000 m.y.): Flin Flon and related deposits, Manitoba 
(Russell ao ree 1960; Doe, 1967; unpublished data by Isotopes Inc. 
for Hudson Bay Metal Mining Co. Ltd., 1967; Stacey et al., 1969; Sinha, 
1970; Sangster, 1972; Slawson and Russell, 1973). 


(vii) Archean (2700 m.y.): Manitouwadge deposits, Ontario (Ostic, 


1963; Ostic et al., 1967; Stacey et al., 1969). 


(viii) Archean (3350 m.y.): Massive pyritic deposits in the Barber- 


ton Mountain Land and Murchison Range, Archean Greenstone Belt, South 


Africa (Saager and Koppel, 1976)- 
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The list is undoubtedly longer. The writer believes that as more 
lead isotope studies are carried out on the major stratiform deposits, 
especially on other major mineral components AG the deposits, more com- 
plex and heterogeneous isotope patterns will be encountered and devia- 
tion from the "single-stage" growth curve will become a common feature 
rather than an exception. Extensive analyses of major geological/min- 
eralogical units within and around a stratiform deposit should be made 
in order to make useful interpretations of lead isotope data. 

It is proposed here that anomalous leads or isotope heterogeneity 
should be frequently found in stratiform deposits in regions of oceanic 
ridges or continental rifts, primitive island arcs of strong oceanic 
affinity (e.g. Tonga-Kermadec) , enclosed sedimentary basins, and con- 
tinental or marine regions where shallow hydrothermal circulation or 


lateral secretion processes are active. 
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Chapter VIII 


CHEMICAL COMPOSITION OF ORE SOLUTIONS 


A. INTRODUCTION 

This chapter presents an estimation of initial concentrations of 
metallic elements and major dissolved species in ore solutions respon- 
sible for the formation of the Anvil ore deposits and the Thompson Creek 
ore deposits, by making certain reasonable assumptions and using physico- 
chemical factors deduced from previous chapters. Discussion of the pos- 
sible types of complex ions of metals in the solutions prior to ore 
deposition is also briefly made in conjunction with the estimation. 

Estimation of diagenetic interstitial metal-bearing brines in 
Howard's Pass district is not made because of great difficulty and in- 
sufficient knowledge in considering complex processes in addition to the 
known physico-chemical factors. The processes include diffusion of 
dissolved ions, pore fluid convection, diagenetic changes involving car- 
bonate equilibria, sulfate reduction by bacteria, uptake of cations in 
alumino-silicate minerals, and ion exchange between pore fluids and sedi- 


ments. 


B. ANVIL ORE DEPOSITS 
Solubility of metallic ions in aqueous sodium chloride solutions has 
been evaluated both theoretically and experimentally by Helgeson (1969), 
DERE vey et. al. (1968), Hennig (1971), Nriagu (1970, 1971la,b), Hinners 
(1963) and others. The general expression is the molarity of total dis- 
solved ions, which can be Jeftwed if the temperature, ionic strength 


(molarity of alkali chloride), pH of the solutions and some other pertin- 
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ent parameters such as stoichiometric individual ion activity coefficient 
(y) and total dissolved sulfur (msg) are known. There are different ap- 
proaches in estimating the solubility data. 

One can assume the metallic ions in original solutions are precipi- 
tated as solid phases now observed and set up equilibrium chemical reac- 
tions between these phases and the solutions and calculate molarities of 
the ions concerned; or one can set up equilibrium chemical reactions be- 
tween one or two major phases and the solutions, calculate molarities of 
these ions, and estimate the solubility of other ions by using the atomic 
ratio among them as deduced from the metallic compositions now observed 
in a deposit. The former approach relies entirely on ideal chemical equi- 
Puria and estimate of optimum saturation equilibrium for each ion (or 
phase) and disregard the complicated relations of partitioning among dif- 
ferent ion-complexes. The latter approach also assumes chemical equilibria 
but takes into account the interrelation of phases and the overall ratio 
of these phases in a large and essentially chemically constant reservoir 
(deposit); certain reasonable assumptions are necessary in this approach. 
The writer adopts the second approach and makes the following assumptions 
for estimating solubility in the Anvil ore solutions: 

(i) All the heavy metals dissolved initially in the ore solution 
were precipitated and fixed in the deposits, i.e. the relative abundance 
of initially dissolved heavy metals was the same with that fixed in the 
present deposits as minerals. 

(ii) The chemical compositions and physico-chemical conditions of 


the ore solution prior to and during ore deposition remained largely con- 


stant. 
(iii) The dissolved sulfur in the solution is sufficient to precipi- 


tate all the dissolved heavy metals. 
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Since sphalerite is a major ore sulfide in the Anvil ore deposits, 
and because chemical equilibrium appears to have been established between 
Rendter ite and other metal sulfides on the one hand and ore solution on 
the other hand, estimate of initial concentration of total dissolved zinc 
ion (2n**) in ore solutions is made and used to estimate solubility of 
other metal ions. Theoretical and experimental. data on the solubility of 
biti and its complex ions in sodium chloride solution were given by 
Helgeson (1969), Melent'yev (1968) and Hennig (1971). Assuming the prin- 
cipal chemical equilibrium reactions describing the dissolution of ZnS in 


the lower pH region (2 ~ 6) to be: 


eacla = Zn + nCl (VIII-1) 
(n = 1% 4) 
poe +S 26208 (ViTi—2) 


The solubility of ra at a given temperature (Equation VIII-2) is given 


by: 


K 
», ee (VIII-3) 
eae Bent es= mee 


Here mg= can be approximated by total dissolved reduced sulfur (my) since 


Equation VIII-2 is obtained by combining the reactions: 


+4. 
Zn* + H9S = ZnS + 2H 


Mpc 2He) +S 
ous = 2H +58 
Me orn’ + mu + 25° = 2208 + 2H 
or Zn +S = 2nS. 
Using the thermodynamic constants given by Helgeson (1969), the 


molarity of zinc in 1 mole NaCl solution (average salinity of Anvil ore 


solution as deduced from fluid inclusion study) with total dissolved 
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sulfur (myg) of 0.001 mole (lower limit of concentration in Anvil ore so- 
lution, see Chapter VII) can be calculated as functions of temperatures, 
pH, and dominant types of complex ions. The calculated results are shown 
graphically in Fig. VIII-la and the experimental results by Hennig (1971) 
in Fig. VIII-1lb. Experimental results given by Melent'yev (1968) were 
used by Mercer (1975, personal communication) to calculate a non-charged 
neutral complex Zn(HS) 5 . which is also shown in Fig. VIII-la. This com- 
plex is found to be an insignificant contributor to the observed ZnS sol- 
ubility. Over the temperature range (200v250°C) and pH range (457545); 
the major zinc "carriers" are probably zinc-chlorides (ZnCl , ZnCl), 
ZnC13, ZnC1,) and to a much lesser extent Zn(HS)9 and Zn(HS) 3 (i.e. ZnS- 
H2S-HS ). Most of the sulfur, however, is provided by hydrothermal reduc- 
tion of dissolved sulfate through mixing with seawater upon discharge of 
ore solution (see Chapter VII). Initial condition of ore solution was 
characterized by higher temperature (250°C) and lower pH (4.5%5.5). At 
these conditions, the concentration of zinc calculated from Equation VIII-3 
ranges from 0.1 to 6.7 ppm and averages about 3.4 ppm. The experimental 
data of Hennig (Fig. VIII-lb) give a concentration of zinc of 2.9 ppm at 
a pH of about 5.5. The two estimates by both theoretical and experimental 
data thus agree well. As a first approximation, initial concentration of 
total dissolved zinc ion in Anvil ore solution is estimated to be about 
3 ppm. The initial concentrations of other metal ions in the ore solution 
can then be calculated by abine the atomic ratio of metals to zinc. The 
“ie ; 
results are given in Table VIII-1. Estimation of Ba concentration 
(which was precipitated as sulfate and not sulfide) by assuming equili- 
is valid if the three 


q ++ 
brium conditions with other metal ions such as Zn 


assumptions are satisfied. 
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Initial Concentrations of Major Ions in 


TABLE VIII-1 


Anvil Ore Solutions (ppm) 


Faro Grum Vangorda Swim Lakes Mean 
Zn 3 3 3 3 3 
Fe PE 16.0 20.8 17.9 19.4 
Pb 0.6 0.6 — 00.6 0.6 0.6 
Ba 0.12 0.06 - 022 0.43 
Cu 0.08 0.12 O17 0.09 Ge12 
Ag 0.001 0.002 0.002 0.002 0.002 
Au “ = 0.00001 0.00001 0.00001 
As 0.01 - 0.982 2 ~ 0.01 
Mn 0.07 - - - 0.07 
NaCl 83,300 59,300 es 51,500 64,700 
HS 10 ~ 30 
HS 77 
SO, 10 ~ 60 
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-: no estimation made due to lack of information. 
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The solubility of H9S, SO; and HS can be calculated from mole frac- 
tions of dissolved sulfur species at given temperature and pH. A total 
dissolved sulfur concentration of 0.001 mole/kg H»50 has been previously 
derived. The concentrations of three sulfur species in ore solution are 
calculated over the temperature of 200V250°C and pH of 4.55.5. Ti ceee— 
sults ace also shown in Table VIII-1. 

For comparison, chemical compositions of ore solution estimated Lox 
Kuroko ore deposits of Japan and Red Sea Hot brines are listed in Table 
VIII-2 together with the mean chemical ples BI of the Anvil ore solu- 
tion. The concentration level of S045 H9S, Pb, Zn in Anvil and Kuroko 
ore solutions is strikingly similar, whereas Red Sea Hot Brine shows a 
similar level of concentration of Fe, Ba and Cu with that of the Anvil 


ore solution. 


C. THOMPSON CREEK ORE DEPOSIT 

Using an approach similar to the above, the initial concentration 
of zinc in the ore solution responsible for the formation of the Thompson 
Creek ore deposit is estimated and the concentrations of other elements 
are estimated by using the atomic ratios among metals observed presently 
in the deposit. 

Conditions for the formation of Thompson Creek deposit are: average 
temperature = 250°C, pH = 5.517.5, average NaCl wt.% = 12 (equivalent to 
2 mole NaCl). Taking an average pH of 6 and a minimum total dissolved 
sulfur content of 0.001 mole/kg H20, the initial concentration of zinc 
can be calculated aa Equation VIII-3 using thermodynamic constants given 
by Helgeson (1969), and this results in a molarity of tafe or about 0.07 


ppm zinc. From this value the concentrations of other metallic ions in 
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TABLE VIII-2 


Comparison of Chemical Composition of 


Kuroko Ore Solution, Red Sea Brines and 
Anvil Ore Solution (ppm) 


Kuroko*l Anvil Red Sea*2 
Salinity 31,000 64,700 257,600 
S04 100 10v60 770 
H2S >20 10130 | ? 
Ca 400 - 5135 
Fe a 19 24 80 
zn 2 3 5 
Pb 0.5 0.6 0.6 
Ba 20 0.13 0.9%3 
Cu 1 0.12 0.3 
*1: Estimates are taken from Ichikuni (1975) 


*2: 


«3: 


at T > 250°C, pH < 5. 


Estimates summarized in Emery et al. (1969) 
for Atlantis II and Discovery Deeps (T°C = 


GS 57) 


Craig (1969), for Atlantis II Deep. 
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the Thompson Creek ore solution can be estimated. The results are given 
in Table VIII-3. Also shown are the concentration of H7S and HS in the 
ore solution as estimated from a total dissolved sulfur content of 0.001 
mole/kg Hj0 and Xy5$ = 0.7 and Xyo = 0.3 (see Chapter VII). Data on the 
concentration of dissolved ions in solutions directly or indirectly re- 
sponsible for some basemetal replacement type deposits in Tertiary (e.g. 
Toyoha Pb-Zn deposit, Japan, Miocene in age; East Tintic Pb-Zn-Ag depos- 
its, Utah, Early Tertiary in age) and Recent (e.g. Broadland Geothermal 
area, New Zealand) settings are also shown in Table VIII-3. These depos- 
its were formed mainly in a subaerial to terrestrial environment. Com- 
parison of the table shows that Thompson Creek ore solution generally has 
comparable concentration of metallic ions but higher salinity as compared 
with those in the ore solution or thermal effluent associated with the 
other deposits mentioned. 

The composition estimate made for the Thompson Creek ore solution 
should be considered as a rough approximation only, because immature ce- 
sation of boiling or termination of sulfur generation or supply might have 
occurred (see Chapter VII) and therefore either assumption (i) or (iii) 


may not have been entirely satisfied. 
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Chapter IX 
CONCLUSIONS 

Detailed studies have been carried out on the geology and geochemistry 
of ore deposits in the Anvil Range, Frances Lake, and Howard's Pass dis- 
tricts in the southern Yukon and southwestern District of Mackenzie, N.W.T.. 
Six eres have been included in the studies.’ The deposits are all in- 
terpreted to be lower Paleozoic in age, covering a time span of less than 
30 million years from Middle-Upper Cambrian to Middle-Upper Ordovician. 
They are therefore essentially coeval deposits forming in three unique geo- 
logical environments in a region best interpreted as a continental margin 
geosyncline. From a reinterpretation of the regional geological setting in 
southern Yukon and southwestern District of Mackenzie, coupled with chemical 
evidence on some conformable volcanic sequences in the western part of the 
region, it is concluded that there existed a passive (e.g. Atlantic-type) 
continental margin geosyncline in which initial continental separation 
occurred over an extended period of time from Late Proterozoic to Lower 
Paleozoic in the western part of the geosyncline. From the margin ocean- 
ward (westward), the geosyncline was characterized by a sedimentary complex 
of carbonate-orthoquartzite sequences on the shelf, with lutite and turbi- 
dite forming above subsided escarpment or basin on the continental rise and 
abyssal plain beyond the slope, with the latter transitional to an “outer 
ridge" or oceanic rise with accumulation of fine-grained turbidites, clas- 
tics and oceanic tholeiites to island tholeiites, Interruption or termina- 
tion of “etary continental separation took place in the lower Paleozic 


while the Atlantic type geosyncline continued to develop with a prograding 


sedimentary wedge building oceanwards. Major subsidence of the buried mar- 


ginal escarpments or basins beyond the slope occurred during this period. 


456 


if 


‘oc b TS OOD a bie 


bie est 


~giimias x0 noksqureasal Jeedktatod breed os iattalod au 3% 


ee! 1+, A Nn le) ah ee a 


aT sasqged) 


f | 2voraUJonoo 


: rere: ey 75 ar 7 a= 
ya0losg @f3 no joao bstrise esd oved gothuse bet % 


sehb sept @'baswoH baw osed esousil 83088 {iveA oct nt ai] aa 
Se i My - 
sie yy 


sobyteld ovetepwiivos bra nosis fretisuoe 9c: 
7 es 


a 


> 
rie 


isaedoah 


ets riteoqesb edt ,eotbute eds ak bebutank nesd oved4 


eee eee 


to oeoe outs s Batrevoo .ege nt > tesoeted zewol ed, os 6 


~ ire 


10 x6qq@U-eLbbIM ot medtedinad yoqqt-sibbix mort aindy 


nk ga terced arkeags’ Levens  aceamaaaninale STO: 


= 
a 


fatnontznoo 8 as bedeagaesek tied motget & ak eineanor 


= 


‘é33e0 Lootgoiosg isrdrgest ay te mor sadetqrsamte 's mort 4 i 
- Ps hie 
ditiw beiquon .otxasiaalt 20 sobriety ‘eteawilluoe bee 


nat asoneupes obuee lov ol daargouacd sinod ae 


. Ieee wrotsew 63 


evinead ” begebus yon >nul. bebuiapes ua 


ri 


a = - x ' -_* = = 
orannla& 68.9) 


Eadoent dace rede sak daiidw ak oattsmgaosg aigasm J 


nexiniteaqos 2s 


awol of atosorsze%4 ated mart ents ‘to bekreg bobuoaxe ns 18 
aetLonyeces odd. to 2344 nxezese outs | a 


pase olgtem o3 hci 
ae - an f 


xelqmon yxsamemiben 6 XS be ox try298 ands eau sablomyeoss ‘ons | “ hata 
oe 


so "i 
Phe 


tdsud bas stitel iw Meda ei} ao gsonoupse ‘oo inbenpiedion 


+ Essaantiacs wit ox atesd Bac) JoemqTRI es bobladue 
te ¢ 20a 


ap of sooksienerd reizel asld date eaake oats boowsd 0 


130 yo” 


} 


~gelo , 269 shades bankerg-aast to. poisalumions dain oat 


skeoglet sewed oils ‘a sh Toei osijexages tnineatsn09 4 


= - 
4 ae de 


anthaxgoxg ry abe qoleveb o3 bounties sntioayeoss 440 + eis 


Oat Ag ae aes 


TSM hebwwid ott dp sonsbiedue rota “sebawwne 20 arth 


" D $3.5 Y : ane nL 
‘botyeq ebda anttub ‘béenioae oqole eye od reed i - 
ae oN gl 
, . ¥ - ap (e 


457 


The ore deposits forming on or below seafloor in each distinctive 
sedimentary-tectonic setting across the continental margin geosyncline 
have been shown to display unique features reflecting variations in geo- 
logical environment, pattern and nature of ore fluid generation, physico- 
chemical conditions and properties of ore fluids, and mode of deposition. 
These variations are summarized as follows: 

(i) The deposits forming in "outer ridge", i.e. the outer part of 
the geosyncline where oceanic tholeiites were extruded are typically 
stratiform, massive sulfides; the seawater depth was generally moderate 
to deep, confining pressure was also moderate; the seafloor topography 
was probably quite rugged with abundant basinal depressions and "ridges"; 
ore fluid was mostly circulating heated connate brine (recycled seawater) 
through hot rock-seawater Wi eaaceied with significant leaching of acid- 
volatile metals and adsorption from various sources such as clays, hydrox- 
ides, carbonaceous matter, silicate minerals in sediments and volcanics; 
heat source was probably furnished by volcanic activity but could be due 
also to contemporaneous sub-seafloor geothermal metamorphism; temperature, 
salinity, density, pH and other physico-chemical properties of the ore 
fluid were to a large extent controlled or influenced by the mixing pro- 
cess with overlying seawater upon discharging; ore deposition occurred in 
favorable depressions forming either stratified or unstratified brine 


pools and seawater sulfate provides most of the dissolved sulfur for metal 


chlorides to precipitate sulfides. Mixing could also have occurred in 


vents from which ascending brines discharged. 
(ii) The deposits forming in the region of "central" deeper basin 


or escarpment are mainly replacement type sulfide layers or masses with 


limited extent of mineralization; confining pressure on these deposits was 
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slightly greater than in the first case and probably due to some litho- 
static load pressure since these deposits were formed as replacements 
below the seafloor; ore fluid was mainly derived from heated formation 
water due to burial and/or sub-seafloor geothermal metamorphism and ap- 
parently boiled before reaching sediment-water interface; cooling, dilu- 
tion and some other causes such as seal-off of open spaces, etc. might 
terminate prematurely the replacement process and limit the extent of 
mineralization. In a sense these are stratabound replacement deposits 
which can be classified broadly as Mississippi Valley type deposits; sul- 
fur source in these deposits was mostly in-situ sedimentary sulfide. 
(iii) The deposits forming in near shelf region are typically well- 
laminated to disseminated, very fine-grained sulfides in siltyvcalcareous 
clastic sediments; the confining eee tee: and depth of seawater on the 
sediments were generally moderate and shallow; the deposits occur over a 
wide area; metal-bearing fluids were most probably derived from updip 
migration of intraformational brines from adjacent basins or from a com- 
paction dewatering process, but also through thermal spring activity; the 
depositional environment was probably a restricted shallow marine basin 
with relatively quiet deposition in an anaerobic, iron oxide, carbonate 
and inert sediment-bearing system; ore deposition took place at lower 
hydrothermal temperatures (60V150°C) through mainly non-biological, chem- 
ical reduction of dissolved sulfate in seawater or pore fluids without 
"closed system" effect or com- 


significant isotope fractionation due to 


lete sulfate reduction. 


The above characteristic features of ore deposits forming in distinc- 
tive sedimentary-tectonic settings across a passive continental margin geo- 


syncline may be significant and have general application in similar geo- 
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logical settings in both ancient and modern environments. Minor varia- 
tion or even omission of certain types of deposits may occur in other 
regions of similar geological settings, but the general distribution and 
type of deposits should be the same. 

Occurrence of massive sulfides in sediments in hot brine areas of 
the Red Sea rift valleys and "Mississippi Valley type'' stratabound de- 
posits of Um Gheig, Bir Ranga, Um Ans and Zur Bahar along Red Sea coast 
of Egypt may be cited as good Recent analogies to the present model. It 
is speculated that modern regions that might show similar distribution of 
deposits include Kuroko deposits-Japan Sea-Asiatic continental margin, 
Juan de Fuca Ridge and northwestern U.S.A. continental margin, most of 


Atlantic ridges and the Atlantic continental margins. 
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APPENDIX II-1 


GENERAL FACIES DISTRIBUTION OF PALEOZOIC STRATA IN THE 
SELWYN FOLD BELT AND RELATED AREAS 


Lower Cambrian strata are underlain by the Grit unit in the south- 
eastern region of Selwyn Fold Belt as well as in the map-areas to the 
east flank of the region (Gabrielse et al., 1973; Gabrielse, 1967b) and 
Fopthe west of the region (Tempelman-Kluit et al., 1974).. The base of 
the strata is generally believed to be unconformable, but local confor- 
mity further to the east and northeast of the region is observed 
(Gabrielse et al., 1973). Generally speaking, the strata display a 
marked facies change westward from the eastern flank (the Redstone Arch) 
of the Selwyn Fold Belt, possibly indicating a basinal environment to 
the west. Three distinct facies of the strata are observed (Gabrielse, 
1967b; Gabrielse et al., 1973) in the southern Mackenzie Mountains and 
the South Nahanni River areas (Fig. II-4) - an eastern belt dominated 
by sandstones and minor conglomerates, a central belt characterized by 
varicolored sandy carbonates and siltstones, and a western belt consist- 
ing of fine clastic sediments (shales, siltstones and limestones). The 
thickness of the strata is greatest (6,000 feet) at the eastern flank of 
the Selwyn Fold Belt and decreases rapidly westward (2,500 feet). Lo- 
cally minor basic volcanic flows and/or breccias occur in the upper part 
of the strata. The facies distribution indicates an easterly source for 
the clastic sediments - a situation that appears applicable to Lower 
Cambrian deposition the entire length of the Cordillera (Kay, 1951). 


Mieid measurement data on cross bedding and ripple marks obtained from 


Lower Cambrian strata in the central Redstone Plateau, north of Redstone 
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Fig. II-4. Distribution of Lower Cambrian rocks in the 
northern Canadian Cordillera. 
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River, also indicate a southwesterly current direction (Gabrielse et al., 
Ho73). 

Middle Cambrian strata appear to be absent in many parts of the 
Mackenzie Mountains and are generally thin (1000 - 1500 feet) where ob- 
served. The strata vary in thickness from place to place and appear to 
be truncated above by an angular unconformity. Judging from the unique 
type sections observed in the areas east and northeast of the region by 
Gabrielse (1967b) and Gabrielse et al. (1973), the strata apparently con- 
sisting of carbonates and minor fine clastics, were deposited in a 
shallow-water, near-shore environment (as carbonate bank ?) on a regional 
disconformity over the Lower Cambrian strata; the general absence or 
thinness of the Middle Cambrian strata south of the Redstone Arch and in 
the Selwyn Fold Belt could be due to either non-deposition or major ero- 
sion. The source and polarity of sedimentation during Middle Cambrian 
time were essentially the same as those in the Lower Cambrian time. A 
facies distribution map for the Middle Cambrian strata in the region is 
shown in ries Li-5. 

The Upper Cambrian and Lower-Middle Ordovician strata appear to 
form a conformable sequence* (Gabrielse and Wheeler, 1970; Gabrielse et _ 
fal. 1973), but lie on a widespread angular unconformity above the Middle 
Cambrian in the region and adjacent areas. This major unconformity is 
believed to have resulted from Late Cambrian (Pre-Franconian) regional 
uplift and erosion. The facies distribution maps for the Upper Cambrian 
and the Lower-Middle Ordovician strata are shown in Fig. II-6 and Fig. 


II-7, respectively. Generally speaking, the sequence represents prograding 


*There is, however, evidence for local unconformity between Upper Cam- 
> 


brian and Lower-Middle Ordovician strata in some localities (Blusson, 


1966; Tempelman-Kluit, 1972). 
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Facies distribution of Middle Cambrian rocks in 
ep ths? the northern Canadian Cordillera. 
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Fig. I1-6. Facies distribution of Upper Cambrian rocks in 
the northern Canadian Cordillera. 
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Fig. II-7. Facies distribution of Lower and Middle Ordovician 
rocks in the northern Canadian Cordillera. 
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sedimentation on a continental margin with distinct facies boundaries 
separating depositional environments representing shelf and deep basins 
(see next section and Chapter III for a more detailed account). To the 
east and northeast near South Nahanni River and southern Mackenzie 
Mountains, the Upper Cambrian-Lower Ordovician strata are shallow-water, 
shelf-type carbonates with near-shore sandy-silty facies near the base 
(Gabrielse et al., 1973); to the southeast in the Flat River area, a 
similar facies is predominant (ditto; Blusson, 1968); in the Howard's 
Pass district, detailed stratigraphic construction shows that there 
existed a shelf-edge and/or off-slope type environment with euxinic 
and closed basins and a transitional sedimentation zone characterized 
by carbonate-fine clastic-chert deposition. In the Frances Lake dis- 
trict, the Upper Cambrian-Lower Ordovician strata represent essentially 
a deeper water sequence comprising fine clastics and impure carbonates 
with minor chert and tuff. The strata in the Anvil Range district are 
believed to be essentially a mixed sequence of fine clastic sediments 
and volcanic tuff with some lava flows near the upper part (Tempelman- 
Kluit, 1972). The environment in which these sediments and volcanics 
were deposited is probably around a relatively shallow marine, oceanic 
rise or Tivkdycen Rae the origin of which will be postulated in the 
final section of Chapter II. 

In between the Middle and Upper Ordovician, there appears to exist 
a regional unconformity which separates latest Ordovician and Silurian 
rocks from Middle Ordovician and older strata throughout the northern 
Canadian Cordillera, except possibly in Richardson Trough and Selwyn 


Fold Belt (Gabrielse, 196/7b; Gabrielse and Wheeler, 1970). An orogeny 


Centered in the westernmost part of the northern Canadian Cordillera is 
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believed to have been accompanied by regional uplift extended far to the 
east. In the Upper Ordovician the craton was generally uniformly de- 
pressed, the sea transgressing the truncated margin of earlier Paleozoic 
rocks and the Precambrian Shield (Fig. II-8). Gabrielse and Wheeler 
(1970) stressed that facies relationships of the Upper Ordovician and 
Silurian in the northern Canadian Cordillera (especially in the western 
Selwyn Fold Belt) are similar to those of the Lower-Middle Ordovician 
rocks with which Upper Ordovician and Silurian carbonates, shales and 
minor pyroclastics form a conformable sequence. They believed that the 
differences are mainly in the greater extent of graptolitic shale facies 
in the latter. During Upper Ordovician to Lower Devonian time, remark- 
ably abrupt faciescchanges occur along the northeastern and eastern 
margins of the Selwyn Fold Belt where carbonate assemblages commonly 
reach their maximum thickness just east of the facies boundary which 
maintained an almost constant position throughout the interval (Fig. 


II-9; see also Fig. II-12a). 
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APPENDIX II~2 


IGNEOUS ACTIVITY, METAMORPHISM AND TECTONISM IN THE 
SELWYN FOLD BELT AND RELATED AREAS 


. Volcanic Rocks 

Minor and scattered occurrences of basic volcanic flow rocks are 
found in the early Paleozoic (Cambro-Ordovician) strata within most of 
the southeastern Selwyn Fold Belt. Notable locations are: 

(a) upper part of unit 6 (Sekwi Formation) of Blusson (1968) at 
North Pyramid Mountain, 10 miles southeast of Cantung. 

(b) two locations of basic volcanic flows and tuffaceous rocks 
in the upper part of the "Swiss Cheese" limestone unit of the Sekwi 
Formation, at southwest and north of the headwaters of Rabbitkettle 
River (Gabrielse et al., 1973). 

(c) a basic flow (150 feet thick) in the upper part of Sunblood 
Formation northeast of Clearwater Creek, near Sunblood Mountain, South 
Nahanni River area (Gabrielse et al., 1973). 

(d) several composite basic volcanic flows intercalated in Lower- 
Middle Cambrian calcareous shale wee ieee sequence in the western 
Frances Lake map-area (see Chapter LEP): 

(e) "greenstone" or ‘basic flow rocks in unit 2 of Wheeler et al. 
(1960) in the northeastern Finlayson map~area. 


(f) basaltic flows and tuffs in unit 3 of Tempelman-Kluit (1972) 


in the Anvil Range district. 


(g) andesite flows (?) in unit le of Roddick and Green (1961) in 


the Sheldon Lake map-area. 


Upper Paleozoic (Pennsylvanian and Permian) alkali basalt flows 


and pyroclastics with associated radiolarian chert, clastic sediments 
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(with associated Permo-Triassic ultramafic intrusions) described as 
unit 8 in Tempelman-Kluit (1972) occur in Anvil Range district, north- 
eastern Finlayson Lake map-area, and western Frances Lake map-area (see 
Chapter III for detail). In fact, these great volumes (4,000 feet) of 
volcanics probably extruded in the whole southwestern part of Selwyn 
Fold Belt, and extended an unknown distance southwest of Tintina Trench. 
Poole (1956) and Gabrielse (1963) considered that the volcanism began 
somewhat earlier to the southwest. 

In summary, basic volcanic rocks were minor during Lower-Middle 
Paleozoic period; towards the later part of Paleozoic, much more inten- 
Sive and extensive basic volcanism with closely associated ultramafic 


intrusion took place in the western part of the Selwyn Fold Belt. 


2. _Pdiutonic Rocks 

The oldest dated granitic rocks are coarse porphyritic granites 
in Brooks Range Geoanticline, northwestern Yukon. A date of post- 
Early Devonian was recorded (Baadsgaard et al., 1961; Wanless et al., 
1965). No plutonic rocks of Paleozoic age was ever recorded within 
the Selwyn Fold Belt. Most of the typical post-tectonic intrusions 
in the Fold Belt seem to be about Middle Cretaceous (Baadsgaard et al., 
1961; Gabrielse, 1967b; Blusson, 1968; Tempelman-Kluit, 1972; Gabrielse 


et al., 1973). 


Minor gabbroic dikes, sills and dioritic intrusives cutting Lower 


Cambrian and older strata are found in the vicinity of Cantung, Anvil 


Range, and various other localities. The age of these intrusives is 


unknown but it seems certain that they were not related to Middle Cre- 


taceous plutons. Alpine-type ultramafic intrusives (serpentinized 
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peridotite, and minor dunite) of possibly Permo-Triassic age occur in 
the Anvil Range district, Finlayson map-area northeast of Tintina 
Trench, and southwestern Frances Lake map-area. Outside the Selwyn 
Fold Belt, these intrusives are found southwest of Tintina Trench, ex- 
tending from Dawson district down to northern B.C.. They are consid- 
ered to have been emplaced essentially coeval to the Late Paleozoic 
basic volcanic rocks (Aitken, 1959; Gabrielse and Wheeler, 1961), but 
also to have been tectonically emplaced as "cold" intrusions into their 


present positions during later deformation (Gabrielse, 1967b). 


BS. Metamorphism 


Regional metamorphism that is recognizable in the Selwyn Fold Belt 
is considered to have occurred in two widely separated intervals: 
Lower Paleozoic (Cambro-Ordovician) and Mesozoic (Middle Cretaceous). 
The Cambro-Ordovician metamorphism has been observed in the Anvil 
Range district, Frances Lake map-area, and possibly northeastern Finlay- 
son Lake map-area. In these areas, low-grade greenschist facies rocks 
are overlain by unmetamorphosed Ordovician and/or Silurian-Devonian 
sediments. In the eastern margin of the Selwyn Fold Belt, particularly 
in the Nahanni and Flat River map-areas, latest Hadrynian to Lower 
Cambrian rocks were weakly metamorphosed and some phyllitic rocks de- 
veloped (Blusson, 1967, 1968; Gabrielse et al., 1973). This sequence 
is overlain by late Lower Cambrian unmetamorphosed sediments. 

No known occurrence of Lower Paleozoic plutonic rocks has been re- 


ported in the region, even though metamorphosed volcanic and sedimentary 


rocks with related plutonic rocks of Ordovician or older age (?) have 


been reported in southeasternmost Alaska (Lanphere et al., 1964; Mac- 
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kevitt, 1963; Brew et al., 1966). The cause of the low-grade metamor- 
phism in latest Hadrynian to Cambro-Ordovician could be due to deep 
pUurial of ja thick sedimentary pile in the eugeosyncline with progres- 
sively younger burial metamorphism taking place towards the oceanic 
side. 

The Middle Cretaceous metamorphism is well explained by the coeval 
plutonic activity which was related to a subduction developed further 
to the west during this time (Monger et al., 1972). 

Eclogite and blue-amphibole (?) rocks were found along Tintina 
fault zone south of Anvil Range by Tempelman-Kluit (1970b, 1972; per- 
sonal communication, 1973). Another occurrence of in situ (?) boulders 
of eclogite a few miles southeast of the eclogite outcrop was found by 


the writer in 1973. A more detailed account of these rocks is given in 


Chapter III. 


4, Structural Style 


The region north and east of the Selwyn Fold Belt displays simple 
and continuous structures reflecting deformation of relatively uniforn, 
layered sediments (Fig. II-13), although in detail certain incompetent 


units are complexly folded near faults and in syncline along and west 


of Redstone Arch and Root Basin to the southeast. The Selwyn Fold Belt, 


on the other hand, displays very complex structures resulting from 
discordant granitic intrusions, complex structures developed in region- 
ally metamorphosed terrains, and the overlapping of several phases of 


deformation. A structural cross section from the Redstone Arch to the 


Selwyn Mountains (A-B in Fig. II-13) is shown in Fig. II-14. Many folds 


within the region of Redstone Arch and Root Basin have been modified by 
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136 MAIN STRUCTURAL ELEMENTS 
Loo U2 OF NORTHERN CORDILLERA 
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Figs ti-13- ~ Main etriecurad elements of the northern Canadian Cordillera 
| (after Gabrielse, 1967b). 
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SECTION ACROSS SELWYN, MACKENZIE, AND FRANKLIN MOUNTAINS 
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Mountains (after Gabrielse, 1967b). 


Structural section across Selwyn, Mackenzie, and Franklin 
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faults, some of which may be basement controlled (Gabrielse, 1967b). 
Locally, folds and thrust faults end abruptly against NE-trending faults 
along which transcurrent movement may have taken place (Douglas and 
Norris, 1961). Further to the east in the eastern ranges of Mackenzie 
Mountains and Franklin Mountains, westerly as well as fewer easterly- 
dipping thrust faults do occur, but they are different from the southern 
Canadian Rocky Mountains which are characterized by a frontal belt of 
thrust faults of an easterly directed asymmetry. Generally speaking, 
the eastern part of northern Canadian Cordillera displays more widely- 
spaced thrust aes. more open folds, and varying directions of struc- 
tural asymmetry. 

In the southeastern part of the Selwyn Fold Belt, structures of a 
northeasterly-directed asymmetry is prevalent (Green and Roddick, 1961; 
mrusson, 1968). Tight, upright to strongly overturned folds are common, 
particularly in the incompetent strata. The highly deformed incompetent 
strata of the southeastern part of the Selwyn Fold Belt were apparently 
pushed against the relatively competent strata of the western flank of 
Redstone Arch (Gabrielse, 1967b). The contrast in tectonic style be- 
tween Mackenzie Mountains and northern Rocky Mountains may be partly 
related to the ability of a great volume of incompetent sediments in the 


Selwyn Fold Belt to accommodate compressive stress. 


In the Tectonic Map of Canada (Stockwell, 1968) there are four major 


periods of deformation in this region (Fig. II-15): 
(i) Late Hadrynian to Middle Devonian rocks in the northern and 


eastern parts of the Fold Belt were subjected to deformation by Elles- 


merian Orogeny (Devonian to Visean) of the Arctic Islands; a small re- 


gion in the central Finlayson Lake map-area and the northwestern Watson 
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LEGENDS FOR FIG. II-15 


Cover of unfolded and gently folded rocks 


Laramide Orogeny 


Lower Hadrynian and Older - folded during the East 
Kootenay Orogeny and refolded during the Laramide 
Orogeny 


Mississippian and Older gneiss and schist - folded 
during the Tahltanian Orogeny and modified during 
younger orogenies 


Permian and Older - folded during the Tahltanian 
Orogeny and refolded during the Nassian Orogeny 


Early Mesozoic - folded during the Tahltanian Orogeny 
and refolded during the Columbian Orogeny 


Mississippian and Permian - folded during the Tahl- 
tanian Orogeny and refolded during the Columbian 
Orogeny 


Upper Hadrynian-Devonian - folded during the Ellesmerian 
Orogeny and refolded during the Columbian Orogeny 


Granitic intrusions - ages undifferentiated, including 
Tahltanian, Columbian and Laramide 
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Fig. II-15. Tectonic map of northern Canadian Cordillera. 
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Lake map-area (northeast of Tintina Trench) is also shown to have been 


subjected to the same deformation. 

(ii) Upper Paleozoic rocks in an arcuate region in the "core" of 
the Fold Belt are shown to have been subjected to deformation by the 
Tahltanian Orogeny (Middle Triassic) of the Coast Geanticline (extended 
from southwestern Yukon to southwestern B.C.) and Omineca Geanticline 
(southwest of Tintina Trench, from Pelly Mountains to north-central B.C.). 

(iii) All the above rocks in the Fold Belt were subjected to de- 
formation by Columbian Orogeny (Middle Cretaceous) with accompanying 


plutons. 


(iv) Rocks of different ages in the eastern and northern flanks 
of the Fold Belt were subjected to Laramide Orogeny (Late Cretaceous- 
Early Tertiary). 

Detailed field information revealed that, except for the Columbian 
and Laramide deformations, absence of deformations belonging to the 
Ellesmerian and/or Tahltanian Orogenies is quite common in particular 
areas. The Ellesmerian Orogeny probably resulted in deformation of the 
rocks of Late Hadrynian-Middle Devonian in the northwesternmost Yukon, 


and that Tahltanian Orogeny in deformation of Upper Paleozoic rocks in 


Coast Geoanticline and Omineca Geoanticline. In Anvil Range districes 


except the Late Cambrian-Early Ordovician deformation, all stratayyounger 


than the Cambrian are thought to have been deformed only during Columbian 


Orogeny (Tempelman-Kluit, 1972). in Frances Lake map-area, post-Late 


Ordovician but pre-Cretaceous deformation was observed in rocks older 


than Ordovician (Blusson, 1966). In the Nahanni map-area, post-Devonian. 


but pre-Cretaceous deformation was observed in rocks older than Silurian 


(Blusson, 1967) In the Selwyn Mountains and Watson Lake map areas, a 
3 e 


. a a CP A 2 
th eye Dive me -sattotansoad & ortkat bits oni: 
: 4) 4 ii 7 Ve - 7 7 “i 7 7 ah) 7. - 
Ce enn See Sy wo f° 
ita Le Mics ish nut byoba0 qizsdngaiwn 
vi \ . a At an Wee 


ss f | 
A ¢ a of, 
| et eolemyor) oalgeting. 1o\ba as ?. 
7h wears | eLasatate! gepgotO: male pmealth’ wt 
Ve i ar 
Pt 


i a ome : o yj ‘ . 
i i? ae ’ i‘ a) Ehes tevgth Sex] 0 Ln Lay bel ota; 
: fy ‘ iy : 
| SS oe ° th uedele 2 ae 


‘ ,- _ Ul ¥ 
rosenles 3 tf to sokdanyoish of yosg O20: iskas st elas 
sj 7 


t 

- 
» 

ies 


ae, ot ‘ 


id aay W x : WE > 


OW « ot fi- oS adel 29 pcan lie 
a bs ep ry ee a! meh 


aly 
ait sbfo 5 adhoc hiss 
ee Le 


Pal 7 


gaa, sled’ 


510 


pronounced deformation of Upper Cambrian-Lower Ordovician was observed 
in the Upper Proterozoic and Lower Cambrian rocks (Gabrielse et al., 


#973) . 
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APPENDIX III-1 


GENERAL GEOLOGY, ANVIL RANGE DISTRICT 


i Hadrynian 


Rocks considered to be of this age are exposed only in a NW-trending 
zone just north of Pelly River. They form relatively good outcrops along 
creeks north of Faro town, and along the central reaches of Vangorda 
Creek. They are in fault or unconformable contact with younger strata 
wherever seen, and their base or older rocks are unknown. No bedding 
was recognized in these rocks, thus no estimate of thickness can be made. 

The rocks consist largely of muscovite-quartz schist and micaceous 
quartzite, and in dahie ancane graphite-rich micaceous quartzite. 

The muscovite quartzite rocks are medium to dark grey, massive, medium- 
to fine-grained and strongly recrystallized. Locally color-banded, 
medium-grained (2mm in diameter) bluish-strained quartz and altered K- 
feldspar are seen. Chlorite, tourmaline and carbonate are minor con- 
stituents locally. Muscovite occurs as ragged small flakes throughout 
the rocks. Graphite quartzite is generally dark grey, micaceous, and 
interfoliated with muscovitic quartzite and is particularly common along 
Vangorda Creek bid petty River. 

The rock unit has been named "Grit unit" and correlated with the 
Proterozoic "Grit unit" of similar lithology occurring in other areas in 


the Selwyn Fold Belt. 


An outcrop of eclogite has been noted by Tempelman-Kluit (1970b, 


1972) along Tintina Fault zone. Another occurrence of large boulders of 


eclogite probably locally derived (in situ ?) was found by the writer in 
outcrops of Proterozoic rocks about 1.5 miles north of Faro town (Fig. 


III-2). A probable blue-amphibole (?) rock occurrence in Proterozoic 
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rocks is exposed along the north bank of Pelly River, about 4 miles south 
of Orchary Lakes. 

The eclogite outcrop is apparently interfoliated with micaceous 
quartzite where seen and a serpentinite outcrop occurs just 50 feet 
northeast. No direct contact between the serpentinite and eclogite can 
be observed. The outcrop occurs on ridge top and has a surface exten- 
sion of 10 feet x 20 feet. The contact with micaceous quartzite is not 
distinct but may be transitional. The eclogite is a medium green, dense, 
medium- to fine-grained foliated rock containing porphyroblasts of pink 
garnet, fine-grained apple green omphacite, prismatic grains of green 
amphibole, and other minor fine-grained epidote (clinozoisite), chlorite, 
muscovite (phengite), plagioclase, etc.. Photomicrographs of the two 
occurrences of eclogite are shown in Plate ITII-l. 

The 'blue-amphibole" rock occurs on a scree slope mapped as a Pro- 
terozoic unit by Tempelman-Kluit (1972). The rock is a light bluish to 
greenish schist rich in quartz interfolded in a greyish micaceous quartz 
schist. Petrographical observations of this bluish schist showed that 
it contains minute crystals of bluish green amphibole (generally chlori- 
tized) and some very small pale blue minerals, possibly crossite (?). 
Rocks containing glaucophane and crossites are best developed in the 
Upper Paleozoic rocks west of Pinchi fault and in the western part of 


the Cascade Fold Belt (Monger and Hutchison, 1971; Misch, unpublished 


information, see p. 58 in Price and Douglas, 1972). 


Chemical analyses have been made on both whole rocks and individual 


minerals (garnet, omphacite, amphibole, muscovite, chlorite) of eclogite 
> 


i chapter. 
samples and are reported in a later p 
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2. __ Lower Cambrian 

Rocks of this age abut the northern and southern margins of the 
Anvil batholith, particularly in the vicinity (NW and SE) of Faro de- 
posit. Their exposure is good on ridge tops. The stratigraphic rela- 
tions of these rocks are uncertain, especially with regards to the ad- 
jacent rock units (unit 3) considered to be younger by Tempelman-Kluit 
(1972). Original bedding cannot be recognized in outcrops due to the 
development of a strong crenulation foliation (see "Structural Geology"). 
Their stratigraphic thickness has been estimated to be more than 2,000 
feet (Tempelman-Kluit, 1972). 

The base of these rocks was not observed. The rocks are composed 
largely of muscovite-biotite-quartz schist, phyllite, calc-silicate 
hornfels, and minor amounts of marble and amphibolite. The muscovite- 
biotite-quartz schist is well-foliated, containing commonly equigranular 
anhedral quartz, scattered subhedral biotite and muscovite, euhedral 
crystals (1-5 mm long) of staurolite, large prismatic subhedral grains 
of andalusite. Penninite, after biotite, is rarely present. Locally 
the schist grades into phyllite. The calc-silicate hornfels rocks are 
pale green to purple brown, consisting of alternating laminae of two 
components: (a) fine-grained diopside-quartz skarn with calcite, amphi- 
bole, and minor grossularite, and (b) biotite-quartz schist. Composi- 
tional layering probably is the cause of alternating laminae; foliation 
is present throughout. The marble is white to pale grey, coarsely crys- 
talline, interfoliated with biotite schist and occurs only in a 300 foot- 


wide zone in the upper part of the unit as discontinuous lenses. Amphi- 


bolite occurs in lenses of various thickness throughout the unit; it 


consists of green tremolite-actinolite intergrown with andesine and minor 


quartz. 
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The original rocks are considered to be thin-bedded, fine-grained 
siltstone and shale, partly calcareous, with minor intercalated lenses 
of volcanic flows or sills (2). 

The age of these rocks has been inferred from indirect stratigraphic 
evidence (metamorphism and deformation) and correlated with other Lower 
Cambrian strata of similar lithology in other areas (see Chapter II) by 
Tempelman-Kluit C1972)". 

The writer considers that these rocks might be a time equivalent 
component of the rocks of probable Middle-Upper Cambrian and/or Lower 
Ordovician age (unit 3) and probably represents a more strongly contact 
metamorphosed phase. David Jennings (personal communication, 1974) 
showed that calce-silicate rocks that belong to this rock unit are gra- 
dational to and overlying the rock unit (unit 3) hosting the Faro de- 
posit. However, until more detailed structural and geochronological 


work is done, nothing conclusive can be said. 


on Cambro-Ordovician 
Phyllitic rocks of this age occur extensively in the disteices 


particularly north and south of the Anvil batholith. The rocks weather 
recessively and aye exposure is generally poor, but good outcrops are 
seen along Vangorda Creek, on lower hills north of Mount Mye, and along 
some creeks. The rock unit is overlain unconformably by Upper Paleozoic 


volcanic rocks along its northern and southern contacts, and by Middle 


Devonian carbonate south of Swim Lakes deposit (Tempelman-Kluit, 1972). 


An unconformable contact between Upper Paleozoic volcanic rocks and 
this rock unit has also been observed by the writer in localities north 


of Mount Mye and north of Swim Lakes (Kuo and Greig, 1973). The strati- 
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graphic thickness of this rock unit is unknown, but a thickness of about 
4,000 feet is estimated, 

The rock unit is subdivided into Upper and Lower members: the lower 
member, about 1,000 feet thick, consists of phyllites and locally schists 
that are enriched in quartz, graphite and chlorite, and generally lack 
volcanic flow through tuffaceous sediments might be present; the upper 
member, about 3,000 feet thick, consists of phyllites containing less 
quartz, numerous large volcanic flows and tuff beds, and are generally 
not graphitic. A thinly laminated silty limestone with phyllitic partings 
occurs commonly in the upper 1,500 feet of the upper member. Gondi (1972) 
gave a thickness of at least 2,000 feet for the Lower Cambrian strata 
hosting Faro deposit. The common rock types of the lower member include 
well-foliated, lustrous silvery grey to greenish grey chlorite-muscovite- 
quartz phyllite and biotite-muscovite-quartz ligase Be and graphite phyl- 
lite... The former two phyllitic rocks contain more than 50Z quartz, with 
variable proportions of chlorite, biotite, and muscovite. Alternating 
layers of quartz and mica are common. Within Faro deposit, proportion of 
quartz in some phyllites becomes so significant that they are classified 
as "quartzite". The graphitic phyllite generally contain 25% or more 
graphite with quartz and muscovite, but biotite and chlorite are absent. 
The phyllites of the upper member commonly contain about 20% quartz, and 
are hard and massive. The uppermost silty limestone consists of alter- 


nating laminae of phyllite and glightly silty, micriticitojwveryetine 


crystalline grey limestone. 


Volcanic rocks in the upper member include greenstone and metatuff 


of basalt to basaltic andesite composition. They form lenses several 


ten to several hundred feet thick and several hundred to several thousand 
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feet long. The greenstone is a fine-grained amphibolite, well-foliated 
near the margin of its bodies but internally lacks foliation and is gen- 
erally coarser-grained. Metatuff is generally pale green laminated, 
cherty tuffite intimately associated with massive greenstone. ‘Two grada- 
tional contacts observed by the writer are, from top to base, as follows: 

(i) greenish laminated chert and tuffite + quartz-rich fine-grained 
ererc > fine-grained tuffaceous greenstone > massive greenish grey vol- 
Pamace(iortn ot Swim Lakes, 62°13.5'N, 132°52'wW). 

(ii) weakly folded, greenish banded chert and tuffite (100 feet 
thick) > PPS Sov itic greenstone (3-5 feet, locally 10 fost aha = 
dark grey quartz phyllite - well-foliated quartz mica phyllite (62°26'N, 
os 1O"W, Ss miles NNW of Mount Mye). 

Photomicrographs of some greenstone volcanic, and tuffaceous rocks, 
and some chert and quartz mica schists are shown in Plate III-1 and 
Plate III-2, respectively. 

Original rocks of this unit were probably fine-grained clastics, 
mainly siltstone and shale; volcanic flows and tuffs of oceanic tho- 
leiite composition (see later: geochemistry of volcanic rocks) and 
minor deep-water carbonates occur in the upper portion of the sedimen- 
tary pile. 

The age of this unit is considered by Tempelman-Kluit (1972) to be 
pre-Ordovician on the grounds that a graptolitic slate sequence of 
Middle Ordovician or younger age displays negligible deformation and 
metamorphism, and therefore must post-date the regional metamorphism so 
extensively affecting this and the previous units. Correlation of this 


unit with other Middle-Upper Cambrian strata has already been made (see 


Chapter) 
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4. Middle Ordovician 

A thin sequence of graptolitic shale occurs locally in the NE end of 
the district. The extent of the exposure is undertain due to poor exposure 
and excessive weathering. A minimum thickness of 400 feet has been given 
(Tempelman-Kluit, 1972). 

The rock is a graptolite-bearing, black to dark grey slate and silty 
shale containing in part thin-bedded black dense chert with thin carbona- 
ceous partings. The rock is commonly pyritic and carbonaceous. A weak 
slaty cleavage intersects a faint lamination (original bedding) at very 
slight angles. 

The age of the rock has been determined as Middle Ordovician to Early 
Silurian by means of graptolites (B.S. Norford, see Appendix III-2). Cor- 
relation of the rock with similar sequences in other areas is therefore 


very well-established (see Chapter II). 


Bk Silurian-Devonian 


Scattered occurrences of quartzite can be seen at the NE edge of the 
district. The rock forms good exposures and is generally thick-bedded 
and massive. No internal structure can be seen although occasionally bed- 
ding (slight color banding) is measurable. Abundant quartz streaks and 
drusey-quartz crystals with inclusions occur locally. The contact of 
quartzite with graptolite slate is apparently conformable, although it may 
not necessarily overlie the latter. It is possible that the quartzite 
occupies the upper part of the graptolite shale sequence. A maximum thick- 


ness of 100 feet is estimated. 


The quartzite is medium to dark grey dense rock composed of rounded, 


medium- to coarse-grained crystalline quartz with minor amounts of inter- 
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granular graphite. The rock is thus a mature sandstone formed under 
stable sedimentary conditions; it is best termed an orthoquartzite. In 
thin section, the quartz grains show uniform extinction under crossed 
nicols and trace amounts of tourmaline are present (Tempelman-Kluit, 
197 2). 

The age is estimated to be Silurian-Devonian on the basis of con- 
formable (overlying ?) contact with Ordovician-Silurian graptolite slate 
and possibly underlying contact with carbonate rocks of Middle Devonian 
eee--e \Corretation of the unit with similar, strata in other areas has 


been made in Chapter II. 


O. Middle Devonian 

Three occurrences of carbonate rocks were found. Generally speaking, 
the rocks form very small outcrops and no bedding planes were visible. 
The thickness averages 100 feet, and stratigraphically the rocks appear 
to overlie orthoquartzite sequence with conformity. 

The Sate include limestone and dolomite and are generally light to 
dark grey, thin-bedded to platy, in part graphitic and bioclastic, and 
fetid. Diagnostic "two-hole" crinoids were observed at two localities 
by Tempelman-Kluit (1972). 


Conodonts from the rocks have been dated by Uyeno (Appendix III-2) 


as Middle Devonian. 


The carbonates and orthoquartzite sequence can be correlated to 


similar strata in other areas, but it is much thinner in the Anvil dis- 


trict. 
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/. __ Upper Devonian and Mississippian 

The rocks form good exposures along ridges at the northwest and 
northeast margin of Anvil Range. The thickness of the unit has not 
been estimated but its correlative in other areas has a thickness of 
10,000 feet. The unit was observed to be resting unconformably on a 
sequence of volcanic rocks. 

The rocks are mainly dark grey to black, massive to thick-bedded, 
graphitic chert locally associated with lamination of graphitic cherty 
siltstone and argillaceous siltstone. Minor interbedded medium grey 
silty limestone, lenticular beds of gritty greywacke, chert-and-quartz 
pebble conglomerate are found locally. 

Brachiopods from this unit were dated by Bamber (Appendix ILI-2) to 
be Carboniferous or Permian; Roddick and Green (1961) also found Late 


Devonian and Mississippian fossils in the same unit. 


8. Pennsylvanian and Permian (Anvil Range Group) 


es 


Volcanic rocks with associated chert and limestone occur extensively 
north and south of Anvil Range (Fig. III-2). Volcanic rocks form resis- 
tant outcrops and underlie the more rugged peaks in the area whereas the 
cherty rocks weather more recessively; limestones occur only in a sinuous 
zone near faults south of Pelly River. The rock unit rests on all the 
above rock units and an unconformity at its base has been postulated. A 
regional unconformity beneath this unit has also been recognized in Fin- 
layson Lake and Frances Lake map-areas. A total thickness of close to 
3,000 feet has been estimated. 

The unit is subdivided into three members: the lower cherty and 


tuffaceous sequence (2,000 feet thick); the middle basalt flow and pyro- 


fan, PHSwetteord ely ss dugbhy. gaole seid ange Jing uted! 
Son, Balt Hhety' old 36 lee pilots aT Smet Livgh torn 5 


ia) Besaso ld? ip as aaets sodd@ind ombaglorias aoe Suits Be, 


® mo yidemtotireogu: Balieot ad oy Levanto ao 3 tn sat 


< i!) fe gesting akhan how. 290) 
"y a 


, 


babies-dala? oO) areas au dodd d OF R42 bad vivian 
foto adage Ta 26 dieu hlade is batatooper a lased ‘ett 
ode abl beet: Bel htssnha Sate, Toit anak er Lhe oe. 
vinbesd-s2000' .owhaweotg eas aes. 20 ae talustoial 


ed 


a ae yl Lisoek Sout dua ssoxsnedgm 
(felt xthneqgA) tsdnad yd badeb ongw, shou elie mov l 2h 


ha} bygoat oets (£0@L) seegto cide Wo vhost to tere na aa 


Pa 


\ 8) oo eieedete sa i- oleae valigpte eine 


=> ae i y * 2a 


ft peer, egoaf., idvga)) Lerrp bre rind pets | 
a5 ; ae Dy ; 


NIaVLAneeKS we S9 qnomeoens. bite Asi ia bosetoatas atk ater ‘ 


- - 
+ 


- 


' ir 
a 
ebes eyo? ELI08, oie Iga SGV ASAEM, se) re caicaie nanos ny. dione! 
Soe 

ats ee wpilW GH sh ats oF ipaGag 53gHts ezgm, att ott robo im . 1G 


SMMARAREE, , 8 nt yien woo asnot sorts «vievieneass eto: 


ets Ahn Ho ape atau. oor. ant even giv to, drupe oT ang 
Py ca » eI by” 
A ee uta fond. asd sed, 3. 32 Missy iaaee aia a9 ee he 
" as 
nh nt. by shogesw goad, pe and sim ehda sansoed, x2 


yf 
7 


OF ante te. pests tee, Apres, ‘ Sones ales nea 
Sal ee 7 


see yi fs _ pbasombieg sad a 


‘ yi aie : yl a 


bos Ytxed> xownl ant, . 4 eredmau 6, eet ‘boptws bdvw 


me 


“ONG Baie wont tinesd sudo 9A 4 pet me 2 006 8) =e 
if i 


ed 


y oer A (ae @ 2 ay 


a 


520 


clastic sequence (1,500 feet thick); and the upper limestone with minor 
tuff sequence of uncertain thickness. 

(i) The lower chert member is composed largely of varicolored, 
massive to laminated, silty and tuffaceous chert. Jaspery (hematitic) 
chert is common especially near transition contact with the middle vol- 
canic sequence. Relict "radiolarian" spherulites (0.1-0.2 mm across) 
and tiny pyrite cubes are common throughout the cherty rocks. Massive 
angular chert breccia in graphitic matrix constitutes a minor part of 
the member. A sequence of laminated green chert and siliceous tuff with 
abundant RUE OT apne crystal fragments occurs extensively in Tintina 
Trench, south of Pelly River. Its stratigraphic relations are uncertain 
but it has been tentatively correlated with the lower member by Tempel- 
man-Kluit (1972). 

(ii) The middle volcanic member inétades massive amygdaioidal 
flow rocks, pyroclastic tuffs, and pillowed basalt. The former two are 
most common whereas the latter is abundant north of the Anvil Batholith. 
Typical flows observed by the writer range from dark grey, dense pillow 


basalt through greenish medium-grained massive basalt to reddish amygda- 


loidal basalt. Pyroclastics range from lapilli tuff breccia, through 
medium-grained agglomeratic tuff to brick-red thin-bedded sandy tuff to 
fine-grained cherty tuff. Detailed petrographic description of this 
unit has been given by Tempelman-Kluit (1972). Photomicrographs of 
typical flow rocks are shown in Plate III-3. Generally speaking, cer- 
tain features observed in the field characterize this volcanic member 
and distinguish it from the Lower Cambrian volcanics: 

(a) The Upper Paleozoic volcanics are generally fresh, show no vis- 
ible foliation and have locally well-developed pillow and columnar (7?) 


structures; tuffs occur as large layers or lenses traceable for a long 
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distance, and are thin-bedded and enriched in siliceous tuff fragments 
and graded layers of sandy, silty to cherty tuff. The ee show a 
great variety of colors. 

(b) Cambrian volcanics are generally well foliated, lack gross 
structures such as pillows or columns, commonly contain actinolite and 
pyrite, and occur with banded to laminated green chert; tuffs are meta- 
morphosed and occur only as very thin layers with massive greenstone 
volcanics, and are lustrous and deformed (folded, contorted) wherever 
observed. 

(iii)The upper limestone member is dense and massive, finely recrys- 
stallized, containing probably crinoid columnals, and is commonly dolo- 
mitized along Pee Some chlorite-rich horizons of tuffaceous 
origin occur locally. Bedding is only recognizable in some places. 
Minimum thickness is about 300 feet. 

Thin limestone lenses within the lower chert member and the upper 
limestone member yield foraminifera which were dated as latest Pennsyl- 
vanian to Loree: Permian and as Late Permian, respectively (Ross, 
Appendix III-2). The lowest fossils are about 1,500 feet above the base 
of the lower member. Therefore the rock unit as a whole probably ranges 
in age from Pennsylvanian to Upper Permian. 

This unit is correlative with similar cherty and volcanic rocks in 
many areas in the Selwyn Fold Belt, notably, NE Finlayson Lake, western 


Frances Lake, and northwesternmost Watson Lake. 


9. Upper Permian and Lower Triassic 


Ultramafic rocks occur in a narrow continuous belt along Vangorda 


fault north of Pelly River. They weather recessively but form relatively 
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good exposures. The belt is outlined very well by aeromagnetic anomalies 
in the district (see G.S.C. map 7839G). The rocks are generally fault 
bounded at contacts with other rocks, but transgressive contact with the 
Anvil Range Group are observed in some locations. 

The rocks are mainly dark green to black serpentinite and serpen- 
tinized peridotite. Petrographically, the serpentinite consists mostly 
of antigorite pseudomorph after olivine and pyroxene; the serpentinized 
peridotite contains mainly weakly serpentinized olivine and minor bas- 
titized enstite and accessory magnetite and perovskite. Talc-carbonate 
(ankerite ?) recke containing minor fuchsite occur in the altered margin 
of the serpentinite belt (Tempelman-Kluit, 1972). 

The age of the rocks probably is Upper Permian and Lower Triassic 
and pre-dates an Upper to Middle Triassic coarse clastic sequence 
(flysch) which contains serpentine pebbles. The rocks are closely 
associated especially with the middle volcanic member of Pennsylvanian 
and Permian (Fig. III-2). Similar association of basaltic and ultra- 
mafic rocks can be found in many areas NE and SW of Tintina Trench, and 


in other parts of southern Yukon and northern British Columbia. 


10. Middle and Upper Triassic 


Elongated bodies of coarse clastic rocks occur along the northern 
side of Tintina Trench, and form good outcrops near ridge tops. They 
rest unconformably on "grit unit" of Proterozoic age and occur immedi- 
ately SW of Vangorda fault zone and probably accumulated along fault 
scarp. No bedding or foliation can be recognized. Locally the rocks 
are strongly fractured and steeply dipping slickensided joint planes 


are common. The thickness is estimated to be 2,000 feet. 
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The rocks consist mainly of cobble and pebble conglomerate and minor 
siltstone; slate and limestone occur in the upper part. The conglomerate 
contains coarse- to medium-grained (6" to 1/2") pebbles of most of the 
local older rocks, including serpentinite, cemented by fine-grained ma- 
trix of muscovite, quartz and other rock particles. It is interpreted 
as a typical "post-orogenic" flysch-type sediment, if not a wild flysch. 
The slate is thin-bedded, platy, medium grey, silty to calcareous, lo- 
cally with interbedded grey, fine-grained silty limestone. A minimum 
thickness of 300 feet is estimated. Conodonts from this sequence were 
dated to be Middle or Upper Triassic by Cameron (see Appendix III-2). 

The unit is correlative with similar lithology in Finlayson Lake 


map-area (Roddick and Green, 1961). 


ll. Middle Cretaceous 

Granitic intrusives (Anvil Batholith) form the core of the Anvil 
Range. They are resistant and outcrop strongly. 

The granitic rocks range from biotite-quartz monzonite to biotite- 
granodiorite, but most are quartz monzonites. No significant composi- 
tional variation is evident within the batholith. The rocks are gener- 
ally medium grey and medium-grained rocks with equigranular texture, 
but porphyritic and foliated textures were also observed. Petrographic 
details of these rocks have been presented by Tempelman-Kluit G19 72. )ie 

K-Ar dating on biotite and muscovite from the granitic rocks yield 
ages with a range of 79 to 99 m.y. with an average of 9145 m.y. (7 sam- 
ples). Similar ages have been obtained for granitic batholiths in the 


southern and central Yukon, including the Selwyn Fold Belt. 
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12. Age Unknown (Permo-Triassic ?_ Tertiary ?) 

Small plugs and sills of pyroxenite and gabbro occur in rock units 
of Lower Paleozoic. 

Pyroxenite is generally dark grey, medium- to coarse-grained and 
equigranular, containing pyroxene altered to amphibole, calcite, ser- 
pentine and magnetite or heamtite. Locally (e.g., north of Mount Mye) 
the rock grades to medium-grained gabbro which contains plagioclase 
(andesine) with lesser hornblende (some actinolite), epidote and quartz. 
All these rocks were serpentinized to varying degrees. 

The age of the rocks is not clear but may be coeval with ultra- 
mafic intrusives and Anvil Range Group volcanics. The rocks might, 


however, be related to a younger, Tertiary-Cretaceous intrusive. 


a3: Tertiary or Cretaceous 


Very small dikes and plugs of saussuritized, medium grey diorite 
are found at various localities within and at the margin of Anvil Batho- 
lith. They cut the batholith on Mount Mye and Lower Cambrian metasedi- 
ments at many localities, some in the Faro deposit area (see later sec- 
tion on mine geology). 

Tritt rob contain quartz in groundmass of fine-grained sericite, 
chlorite, epidote, calcite with rare epidotized or chloritized horn- 
blende and plagioclase. The original rock was probably a porphyritic 
hornblende diorite. 


The rocks may be a later phase apophysis of Anvil Batholith but 


might also be younger (Tertiary) intrusives. 
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14. Upper Cretaceous and Tertiary 


Several occurrences of acid porphyries and tuffs are found and 
scattered widely in the district; one north of Mount Mye, and one more 
widespread south of Pelly River. They cut Anvil Batholith rocks and 
overlie graptolite slate of Ordovician and Anvil Range Group volcanics 
north of Mount Mye. 

The rocks occurring north of Mount Mye are rhyolitic ignimbrites 
ranging from light greenish, aphanitic cherty rhyolite to rhyolitic tuff 
breccia and agglomerate. They weather and form a rubble of small frag- 
ments on hill slopes. Faint color lamination can be recognized occasion- 
ally. 

The acid rocks south of Pelly River include quartz-feldspar granite 
porphyries and crystal tuffs. The former are light grey to pinkish rocks 
containing in most cases quartz and feldspar phenocrysts set in a fine- 
grained matrix of the two minerals. The crystal tuffs are thinly lami- 
nated, light colored and flinty. They contain partly devitrified glass 
shards and tiny quartz fragments under thin section. 

The ignimbrite sequence can be correlated with acid volcanic flows 
and pyroclastics extensively occurring in South Fork Range, about 25 
miles NE of Mount Mye, and extending some 100 miles SE to the western 
part of Sheldon Lake map-area. Two K-Ar age determinations of the latter 
volcanic rocks gave 100 and 117 m.y.. Therefore the ignimbrite sequence 
could be contemporaneous to the Anvil Batholith and a date of Late Cre- 
taceous and Early Tertiary is assigned. 

Tempelman-Kluit (1972) related the acid porphyries and tuffs south 
of Pelly River to the ignimbrites and a einior age was assigned. Acid 


porphyries closely associated with South Fork volcanics in the eastern 
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Tay River map-area and western Sheldon Lake map-area are considered to 
be either feeders to or intrusive equivalents of the volcanics (Roddick 
and Green, 196la,b). A total thickness of 5,000 feet for South Fork 


volcanics was given (Roddick and Green, 196la,b). 


foe) Lertiary 


A unit of poorly consolidated clastic rocks and associated basalt 
occurs south of Pelly River. At one location (Grew Creek) conglomerate 
bed contains some basaltic boulders in a basalt sand matrix and therefore 
the basalt has A eae considered to be older than the clastic rocks. 

The clastic Pecks include thick-bedded sandstone and conglomerate 
containing angular fragments of chert, slate, schist, quartz and granite 
loosely cemented by hematite and quartz. Locally these rocks grade into 
brownish siltstone and silty shale containing plant remains dated as 
Paleocene (Roddick and Green, 1961a). 

The basaltic rock is a dark green, fine-grained, porphyritic and 
strongly fractured rock consisting of olivine, sanidine, augite in a 


groundmass of plagioclase and epidote. 
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APPENDIX III-2 


IDENTIFICATION AND DATING OF FOSSILS 


Anvil Range District (after Tempelman-Kluit, 1972) 
Locality Fauna and Age 
1. Graptolites collected from "unit 4'' identified by B.S. Norford. 


6292753 'N,133°02.0)W inarticulate brachiopod 
? CARYOCARIS sp. 
? CLIMACOGRAPTUS sp. 
GLOSSOGRAPTUS sp. 
age: Ordovician, Llanvirn to Caradoc 


2. Conodonts collected from "unit 6'' identified by T.T. Uyeno. 


G27 NG 132 596k W POLYGNATHUS LINGUIFORMIS LINGUIFORMIS 

Hinde 

P. VARCUS Stauffer 

Pe isp. (probably n. sp.) approaching 
SCHMIDTOGNATHUS in the size of 
basal cavity 

age: probably Late Middle Devonian 
(P. VARCUS - zone, or the lower 
part of the S. HERMANNI-P.CRISTATUS- 
zone) 


3.  Brachiopods collected from “unit 7'' identified by E.W. Bamber. 


672232 .9EN, <l 35 US.2 W Orthotetid brachiopod 

? MICHELINIA sp. 

? EKVASOPHYLLUM sp. - possibly E. 
PROTEUS Sutherland 

age: Osagian or Early Meramerician. 
This is a tentative age determina- 
tion. The material is poorly pre- 
served. 


62° 3229 'N. 133206, 4.0 spiriferid, orthotetid, and choretid 
brachiopods (too poorly preserved 
for identification) 
age: Carboniferous or Permian 
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APPENDIX III-2 (cont'd) 


Locality Fauna and Age 


Fusulinids collected from Anvil Range Group identified by C.A. Ross. 


62°20°N,1133233'W TRITICITES sp. advanced form 
PSEUDOFUSULINELLA sp. 
SCHUBERTELLA sp. 
THOMPSONELLA sp. 
age: latest Pennsylvanian to Early 


Permian 
62402) 50° N. 01392747 'W SCHWAGERINA sp. (very large) 
age: Permian, could be wolfcampian 
to Wordian 


Conodonts collected from "unit 10a'' identified by B.E.B. Cameron. 


62>21'N ;..133°42'W GONDOLELLA sp. A 
GONDOLELLA sp. B 
GONDOLELLA aff. MILLERI Miller 


622113382 'W GONDOLELLA aff. MILLERI Miller 
GONDOLELLA sp. B 
GONDOLELLA sp. B 

age: Middle or Upper Triassic 


Franees Lake District 


Brachiopods collected from a limestone bed W of the East Arm iden- 
tified by J.B. Waterhouse. 


62°27,9'N, 129°30.9'W RETCHONETES 
2? ATHYRIS 


Both are most characteristic of the Devonian period, but the full 
permissible range is from Upper Silurian to Carboniferous. RETI- 
CHONETES espcially resembles Middle Devonian species R. SUBCANCEL- 
LATUS (Reed) from the Shan States, Asia and R. MINUTUS (Von Buch) 
from the Middle Devonian species. R. MARYLANDICUS (Prosser) from 
the Romney Formation of Maryland is also close in shape, but has 
finer ribs and longer ventral septum. R. VICINUS Castelnau from 
the Hamilton Group is more quadrate in shape. A Middle Devonian 
age seems likely. 
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APPENDIX IiI-3 


STRUCTURAL GEOLOGY, ANVIL RANGE DISTRICT 


i. Internal Structures 

Rock units in the district are internally deformed to various degrees 
and in different styles, and are fairly complex. Most of this internal 
deformation was produced by an older event, presumably in Lower Paleozoic, 
because rocks younger than Cambro-Ordovician display negligible and dif- 
ferent deformation styles. 

A well Heese crenulation foliation (Fo) characterizes the struc- 
tures of rocks older than Cambro-Ordovician. Fy transposes partly or 
completely an older planar structure (Fi) which forms small folds between 
Fy planes. F, is axial planar to these small folds in most cases. Some- 
times Fy is so penetrative that remnants of earlier foliation are com- 
pletely lacking and thus Fy may be considered to be completely transposed 
to Fo. The intersection of Fy and Fy defines a lineation (L,) which some- 
times coincides with the fold axis of Fie Fy results from parallel 
alignment of micas and by segregation of quartz and mica which forms 
compositional layering; Fy might be original bedding. Fy is sometimes 
folded in small amplitude and the fold axis thus defines a kinked cleav- 
age (F 3) and the intersection of the two foliations defines a coarse 
wrinkle lineation (L3)- Lo is generally masked by L- Besides these 
two lineations, one or more very fine wrinkle lineations are observed 


on F, in rare cases; these fine wrinkles may be a complex set of differ- 


ent lineations, some must have post-dated L,.% 


*In a detailed investigation, up to 6 generations of foliations have been 
defined in the Faro deposit, and anticline structures in Vangorda deposit 
define 4 foliations (Jennings, Personal Communication, 1974). 
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Folds in Cambro-Ordovician and older rocks are generally quite tight, 
subisoclinal slip folds with axial angles of 30-40° plunging NW. They 
occur on all scales, from thin section to large outcrop. Small-and- 
intermediate-scale folds are outlined by Fj and locally by bedding, and 
the large-scale folds by contact between greenstone and phyllitic rocks. 

For a more detailed account of internal structures in the Lower 
Paleozoic rock units, see Tempelman-Kluit (1972). 

Rock units younger than Ordovician show weak to minor deformation 
with development of foliation in incompetent members. Ordovician grap- 
tolite slate shows a cleavage plane developed at a very slight angle to 
bedding; the cleavage may be the result of slight pervasive recrystal- 
lization. Slate in the Upper Devonian and Mississippian strata shows 
only a cleavage plane probably resulting from weak pervasive recrystal- 
lization. The lower cherty member of the Anvil Range Group shows local 
transposition of the bedding plane outlined by compositional layering 
and development of a weak crenulation foliation which transects the 
bedding at various angles and defines a weak lineation. A very fine 
wrinkle lineation forms locally at various angles to the intersection 
of bedding and foliation. No large-scale or minor folds were seen, but 
the weak Sees ane Be may be an axial plane or slaty cleavage 
related to the development of unrecognized folds in these rocks. 

Most internal structures except L. are not observed in Middle 
Ordovician slate and shale unit, suggesting that the older deformation 
occurred before Middle Ordovician. Alternatively, different structural 
styles may be stratigraphically controlled and deformation was weaker 
in higher stratigraphic units than in lower strata; if so then the older 
deformation is pre-Middle Devonian because strata of that age overlie 


folded rocks of Cambro-Ordovician with marked angular unconformity 
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(Tempelman-Kluit, 1972). Minor structures in the cherty member of Anvil 
Range Group may have been formed during early Cretaceous, a time of wide- 
spread deformation in much of the northern Canadian Cordillera. The de- 
formation may have accompanied or preceded the intrusion of the Anvil 
Batholith and consequent doming. Incidentally, the lineation in cherty 
member of Anvil Range Group is parallel to the wrinkle lineation (1.3) in 
Cambro-Ordovician strata and the two might be coeval and syngenetic; 


thus the latter were also affected by the Early Cretaceous Orogeny. 


2. _Doming of Anvil Batholith 

Intrusion and doming of Anvil Batholith resulted in an anticlinal 
cumulation about 40 miles long; 15 miles wide, with an amplitude of about 
2 miles. The dome or arch trends NW roughly parallel to Tintina Trench. 
It has a gently-dipping NE limb and a more steeply-dipping SW limb. 
Rocks on the flanks of the arch are repeated and dip away from it. 

To the NW and SE, the arch plunges beneath its cover and terminates 
Probably by other structures. 

Minor elevation and tilting in the district probably occurred in 
Late Mississippian or Early Pennsylvanian time because the unconformity ~ 
beneath the Anvil Range Group overlies progressively older rocks south- 


ward. Some steepening of the southeastern limb of the arch may have 


occurred during movement of Vangorda Fault. 


oan Faults 

General NW-trending, steeply-dipping, subparallel normal faults 
occur along the valley of Pelly River and define the Tintina fault zone. 
They separate rocks of different ages and some of the appear to be 


deep-seated. Roddick (1967) and Tempelman-Kluit (1970a) postulated that 
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the fault system was strike-slip transcurrent faulting with a right 
lateral displacement of about 250 miles. 

The northern faults (Rose Creek fault, Vangorda Creek faults, and 
Lapie River fault) dip to the SW and ws closely associated with ultra- 
mafic intrusions and local occurrences of eclogite. These faults may 
have been deep-seated and perhaps extended down to lower crust or upper 
mantle (?) (Tempelman-Kluit, 1972). Their displacement probably occurred 
in Early Triassic time, but renewed movement of Vangorda faults probably 
took place after Anvil Batholith intrusion because the intrusive is 
truncated by the faults at their eastern end (see Fig. III-2). 

The southern faults (Buttle Creek fault, Grew Creek fault, and 
Danger Creek fault) probably dip vertically or to the NE. They are not 
considered to be deep-seated. Offset of these faults probably began in 
Late Cretaceous, perhaps after some of the northern faults ceased move- 
ment. 

Small-scale subsidiary faults, too numerous and small to map, occur 
locally in many places, especially in the southern flank of Anvil Range 


near Faro deposit. 
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APPENDIX III-4 


GENERAL GEOLOGY, FRANCES LAKE DISTRICT 


ob. Middle and Upper Cambrian 


The Cambrian rocks can be conveniently divided into two members: 
the lower member consisting of calcareous phyllite and slate with thin- 
bedded dolomite and limestone; the upper member is mainly graphitic to 
Enloritic quartz sericite phyllite and silty shale. The lowermost rocks 
of the lower member are generally light-colored, soft phyllites contain- 
ing abundant quartz-carbonate (ankerite to siderite) probably derived 
from metamorphic mobilization, and grade upwards into intercalated cal- 
careous and silty phyllites and phyllitic limestones. These are usually 
well-banded rocks, the bands being between a half and one inch thick. 

An apparent Pees of at least 1,500 feet is estimated. Two layers 

of foliated, chloritized, leucoxene-bearing metavolcanic flows and tuffs, 
about 150 to 200 feet thick, occur in the middle to upper part of the 
lower member. The metavolcanics typically contain major plagioclase 
(sometimes hornblende), chlorite, and minor quartz, ilmenite or leuco- 
xene, sphene, carbonate, opaque minerals (sulfides and oxides), rarely 
biotite and volcanic glass. 

At the northeastern corner of the district, a sequence of light to 
medium grey, calcareous to silty, thin-bedded to laminated shales and 
phyllites is exposed. eee resemble in lithology the calcareous phyl- 
lite sequence at the western side of the East Arm. The former has been 
assigned a Middle to Upper Cambrian age (Blusson, 1966). 

The lower member probably underlies conformably or grades into the 
upper member even though their contact has not been observed. They may 


be entirely coeval. The upper member is well-exposed at the eastern 
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side of the East Arm and along Anderson Creek, and is host to the Thomp 
son Creek deposit. The rocks are dark grey to black, partly banded, 
siliceous phyllites and slates. Graphitic and chloritic layers are lo- 
cally abundant, especially in the drill cores in the vicinity of the 
deposit. Foliation is always present and mostly at angles to bedding 
planes wherever seen. At about the middle part of the sequence, a 150 
foot layer of quartz-sericite-chlorite schist has been observed in the 
drill cores as well as in the outcrops extending to the SE of the de- 
posit. Total thickness for the upper member is ween 4 to be about 
4,500 feet. | 

The following is a summary of petrographic observations made on 


the major rock types of the Cambrian strata: 


(a) Calcareous Phyllite. Consists mainly of carbonate, quartz, 
biotite and sericite, with minor opaque minerals and siderite. In some 
specimens, quartz together with graphite is present in minor amounts. 

A compositional banding (Fi) is commonly observed; it is outlined by 
changing ratios of carbonates and quartz, sometimes also by grain size 
difference in quartz. A foliation (F,) outlined by biotite forms sub- 


parallel with F A younger foliation (F,) shows rather widely-spaced 


L’ 
planes intersect Fy and Fy at about 30-40°, and causes boudinage in 
harder beds of the rocks. The rocks can be best termed quartzose, phyl- 
litic metalimestones (see Plate III-3 and Plate III-13). | 

(b) Quartz Sericite Phyllite. Major minerals are quartz, seri- 
cite, chlorite with minor graphite, carbonate and opaque minerals. An- 
dalusite and thin needles of tourmaline have been observed in some core 
specimens in the upper sequence of the host rocks to the Thompson Creek 


deposit (see section on "Ore Deposits", for detailed subdivision of host 


units). Generally speaking, relationships among Pie Fy and Fy foliations 
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are grossly similar to those in the calcareous phyllite except that Fo 
ds oblique to Fy and F3 intersects Fy and Fo at almost vertical angles. 

(c) Quartz-Sericite-Chlorite Schist. The rock contains clasts or 
"phenocrysts" of quartz (1 to 3 mm across) wrapped or interfoliated in 
sericite and chlorite layers. Minor recrystallized carbonate, epidote 
and opaque minerals (mostly porphyroblastic pyrite) and relict grains 
of plagioclase and perhaps some epidotized pyroxene were observed. 
Thalenhorst (personal communication, 1971) reported in one outcrop an 
intercalated massive porphyritic rock composed mainly of plagioclase and 
minor sericite, opaque minerals, zircon and leucoxene. Flow banding of 
sericite and chlorite around quartz is common and the rock has an appar- 
ent pyroclastic texture indicating a tuffaceous origin. 

The Cambrian strata is correlative with a similar sequence in the 
adjacent areas, notably, units 9 and 10 of Blusson (1966) in the general 
Frances Lake map-area and Flat River map-area, and unit 2 in the Finlay- 
son Lake map-area (Wheeler et al., 1960b) and the Quiet Lake map-area 
(Wheeler et al., 1960a). 

No fossils have been found in the Cambrian strata, but the above’ 


correlation places the strata in Middle to Upper Cambrian. 


2. Middle Ordovician and Silurian 

A sequence of black shale and slate occurs above the Cambrian strata 
with an apparent Pet aen Annes or disconformity at the western side of the 
East Arm. The rocks are generally thick-bedded, banding is lacking or 
very rare, and the rocks grade into a more calcareous facies with thin 
layers of dark grey to black impure limestones to the NW. The total ap- 


‘parent thickness of the sequence is estimated to be about 1,500 to 2,000 


feet. 
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A black slate and shale sequence with dark impure limestone occur- 
ring in the upper part was also observed in the southeastern and the 
northeastern parts of the district near the presumed boundary of the 
two members of Cambrian strata; these two occurrences of black slate 
and shale may or may not be correlative with the western occurrence. 

The sequence lacks fossils but it grossly resembles unit 11 of 
Blusson (1966), which bears graptolites of Middle Ordovician to Silurian 
age and occurs about 50 miles E of the district along Flat River val- 
leys. An Ordovician to Silurian age is thus tentatively assigned to the 


black shale and slate sequence in the district. 


on Silurian and Devonian 

A sequence of carbonate and coarse clastic sediments accumulated 
above the Ordovician-Silurian strata in apparent conformity and occupies 
most of the western part of the district. 

The sequence consists of interfingered or intercalated quartzite, 
dolomite and dolomitic slate and limestone. The quartzite is generally 
fine-grained, white to light grey, massive and partly banded, locally 
containing Gree edaca facies, and forms interfingers laterally and 
vertically with a light colored to brownish dolomite and dolomitic 
phyllite (siltstone) and minor thin-bedded limestone layers or lenses. 
Facies change is common both locally and aerially. The area was prob- 
ably the site of active deposition with a landmass not too far away. 
The thickness of the member is estimated to be about 1,000 feet. To 
the south, it becomes much thinner and may eventually taper out with 
the disappearance of quartzite; on the other hand, the deine black 
slate and phyllite increase in thickness indicating that both units may 


be in part lateral facies equivalents of each other. Deposition here 


: a | if fj, , Pa SAY ie fa aA, by | 
0 a 


\o arotvemk!l otucwt dteb. tale egmeuper oforls K 


Fug Mie & er ae ee ony tig eae a 
mc ovesjesottnda ote al bovidedd oelh eae Jane vee 
Z aT i Sas } ot fine oi er Ge ae . 
toe Yrebtued hamuzetg Sd> . 1noK, an i ord io BA zy 
« 1 4 ‘oss #: aa - bo Pe ie. 


tals? We 4 sOOoTrraT Tun. Owe BuO anes let Re | 
4 Ley 
: . . % 7) 


io gestesw off ADIw ev ISaterseR Pe Fan VBR FO wee 


-* ~ * ; a =e - 
jtidesess yinserg 2k avi elfesss soa) pens / 
‘ yr e . gets re, } — * ep a | , oR 
‘ 5 ; i 
\ setoyvabyO ofbbit 36 @eskiatasag erasd doiew Mat 
~~ : + F “ Li a \ 
rh oa ; ’ i a roe. 
if gaale-i5s2900h)| of. To a aotin Of Suede ewes oii 
4 ¢L-« y = ik 
vievirtsineal gud? <2 Sys Mites 1wike us melo svob 
7 - Ps. tae 
sdotsFElh ans at eo areape ote te bas oth 
-- #: s 4 2 in. ‘ ! We i= J (TF 
mistoove Sih a 
ye atnetkhboe sbgesia detetio. Bug otener184 bt aon 
it : ’ y> Fy Ce > oe | Lee That cx}: cJa7e Ser Re ‘ ici aa vst 
Le Tw 
, oPeiekt ons to: KBE mpived ai a 
4 CH Tey cea Ae P h« ae , ee : : 4 
thn ee yet ef ated Sh Uist 3 neta) -2 2 ea “ans at osupeg 
ait ee hee an é 6.5 _ ane a 
yi wee. at otlatreup, sat + (aie psmbd mite iat, » attacks tie 
bs ; & 
3 ; : i : 
elinwad ,# md “el dead ibe 7 a esis coy fault o, stkdw sf 
% ¥ * ” a t ie ~ a P A ‘ oe 


hhe videtetral ssbpat Peak ead? bos snot 20% Rebiogrestet: 


Son 
ey i 


ty A 


en 
re 


oh Hg nee days Fabra: Span) Leone my lehaworg, © Oo, hetolog satt » iake§ 
a ete 


be 


- a 


| 


at 
a : # i 
P : 


gnavol vo seve snoseames Weng sik tah nae Aesop, 
oy gh, Aose one folnngon bart ‘llnsot csond' gomwes. @: 
7 % j 

Cem 24h ens Jon sgupmbsie s di tw nodsteogsh vison 40 . 


oY toed OO sel ad ot Borsiutien eh | jeden pas te alah 


a) % a 
i> >a iss 


my 


2 


aa kw Ate. 30983 tkeuaiens yar, hs omg doom oe 

° ie a = -, 

fonkd aubytyebou od? baad yenae. uly BY. porcine Don 
1 oP) Laan bo 
isu 

Keo «2 kets. sot 32 as anigectie soonest oa SRR See 
a i 


fae 


om on ay 
7 a 


VP nae ou 


10d 20k seuente nari dans y ao anata sida 


aye 


ba 


bi 


537 


was obviously quieter, and no influence of a landmass can be detected. 
At the western margin of the district, dark grey thick-bedded dolomite 
with a few intercalations of thick-bedded, dark colored quartzite are 
exposed. Facies change probably did occur but appear to be less than 
those to the east. Fossils found in a limestone bed in the upper part 
of the sequence have been dated as Middle Devonian (range: Upper Si- 
lurian to Carboniferous) by J.B. Waterhouse’ (Appendix III-2). 

The sequence is correlative with unit 12 in the general Frances 
Lake map-area (Blusson, 1966), unit 4 in the northeastern Finlayson 


Lake map-area (Wheeler et al., 1960b), unit 6 in the Watson Lake map- 


area (Gabrielse, 1967a) and units 5 and 6 in the Anvil Range district 


(Tempelman-Kluit, 1972). 


4. Devonian and Younger 

A sequence of dark grey to black slate and shale with intercalated 
thick-bedded greywacke is exposed in the western part of the district. 
The slate or shale is a dark grey mica-rich, non-calcareous rock with 
abundant mobilized quartz layers or bands up to 1 foot wide, occurring 
along foliation planes; sometimes the bands are so well-developed that 
they form white and black "gneisses". On the surface the micaceous 
lineations commonly display crenulation or "fish-bone" structure. The 
greywacke is a medium- to coarse-grained (1 to 5 mm across) rock con- 
taining rounded to sad se clastic grains of quartz, small chips of chert 
and a few grains of plagioclase, zircon and opaque minerals set in a 
groundmass of Wipe Ae. 624 fine-grained interlocked quartz in about equal 
amounts. Sometimes pieces of folded graphite biotite-sericite phyllite 


derived from phyllites of the lower sequence were observed. Locally the 
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greywacke contains some layers of soft, dark grey dolomitic limestone in 
the upper part. An average thickness of 4,000 feet is estimated for the 
sequence. 

The sequence is correlative with unit 13 of Blusson (1966) in the 
general Frances Lake map-area, unit 5 and perhaps part of unit 6 of 
Wheeler et al. (1960b) in the Finlayson Lake map-area, unit 7 and per- 
haps part of unit 8 in the Anvil Range district (Tempelman-Kluit, 1972), 
unit 5 in the Sheldon Lake map-area (Roddick and Green, foot) ann 
unit 7 in the northwestern Watson Lake map-area (Gabrielse, 1967a). An 
age of Upper Devonian to possibly Upper Mississippian is tentatively 
assigned to this sequence. 

The contact between this sequence and the Silurian-Devonian strata 
appears to be a minor disconformity; however, Blusson (1966) reported a 
pronounced unconformity at the base of the Devono-Mississippian strata 


in the general Frances Lake map-area. 


Die Hornfels 

Rocks around batholith of Mount Hunt and those bounded by smaller 
batholith bodies at Simpson Tower are collectively classified as horn- 
felses. These rocks display a series of lithological variations corres- 
ponding to their original compositions. 

Hornfelses surrounding Mount Hunt batholith are mostly non-calcar- 
eous silicate rocks and can be subdivided into a spotted hornfels abut- 
ting the batholith at its northeastern margin and an unspotted massive 
hornfels extending at least 1 mile from the batholith contact. The 
spotted hornfels is a medium-grained, dark grey to black rock contain- 
ing 5-10% iron sulfides, which commonly weathers rusty brown. The 


original rock might have been a slightly graphitic shale. The unspotted 
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hornfels is generally very fine-grained, massive, light to dark grey, 
containing mobilized quartz layers; the original bedding is still rec- 
ognizable and foliation seems to have been reduced if not eliminated 
during contact metamorphism. With increasing distance from the intru- 
sive contact, the hornfels becomes more slaty and less siliceous. 

Both these spotted and unspotted hornfelses are considered to be 
the contact metamorphic equivalent of the quartz sericite phyllite of 
the Cambrian sequence. 

Limited petrographic observations indicate that hornfels nearer 
to the intrusive contact (600 feet or less) is characterized by miner- 
als typical of hornblende hornfels facies (major: muscovite, biotite, 
andalusite; minor: plagioclase, quartz, opaque minerals, graphite, 
sometimes rare tourmaline); and hornfels further from the intrusive 
contact (1,500 feet or more) shows minerals typical of albite-epidote 
hornfels facies (major: plagioclase, quartz, biotite, muscovite; and 
minor: spessartite (?), pyrite, graphite, amphibole, tourmaline, chlo- 
rite, apatite). 

Hornfelses adjacent to and bounded by several medium to small in- 
trusive bodies in the Simpson Tower area can also be divided into two 
types, a spotted pot ite hornfels and a mixed sequence of calc-silicate 
hornfelses. The spotted biotite hornfels is a coarse-grained, massive 
to slightly foliated, dark grey rock containing mobilized quartz layers. 
It occurs along the western contact of a more easterly intrusive body 
and a gradational "mixed" zone of biotite hornfels and intrusive rock 
can be observed at their mutual contact. The biotite hornfels appears 
to be the contact metamorphic equivalent of the black slate and phyl- 
lite sequence. The calc-silicate hornfelses occur extensively over the 


more northern side of the Simpson Tower area. They are generally very 
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fine-grained, unspotted, and can be subdivided into a more siliceous 
unit and a more calcareous unit. Lithological gradation both between 
and within these two units occurs laterally as well as across strike. 
Generally speaking, siliceous calc-silicate hornfels is light grey to 
greenish grey, contains about 2/3 or more silicate and very little or 
no carbonate, and is hard, flinty, clearly banded and in part somewhat 
slaty; whereas the calcareous calc-silicate hornfels is dull light grey 
to dark grey, containing abundant carbonate and is softer and less well 
banded. A thin layer (30 feet) of spotted, slightly foliated and por- 
phyritic hornfelsed tuff occur above the calcareous calc-silicate horn- 
fels; an unconformity appears to exist at the base of the tuff. 

The calc-silicate hornfelses are probably contact metamorphic 
equivalents of Devono-Mississippian and part of the Siluro-Devonian 
strata. However, stratigraphic relations are obscured due to strong 


tectonic deformation and lithological modification. 


6. Middle Cretaceous 

The big batholith of Mount Hunt and several medium to small intru- 
sive bodies at Simpson Tower are petrologically biotite quartz monzon- 
7tes in ee Eo een Gress intrusive rocks, together with a large area 
of similar rocks in the northern Canadian Cordillera, have been dated 
as Middle Cretaceous. 

Typical rock type of the Mount Hunt batholith is an equigranular, 
medium- to coarse-grained, light colored rock commonly containing zoned 
plagioclase, quartz, biotite, chlorite, opaque minerals Cpytite,, etc.) 
sphene, epidote, zircon, apatite, and rutile. Amphibole was probably 
altered to chlorite, epidote and sphene. Zoned plagioclase is gener- 


ally about 30% richer in An content in the core. 
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Intrusive rocks at the Simpson Tower area are similar in mineralogy 
except that they contain a higher amount of quartz, somewhat finer- 
grained than the Mount Hunt intrusive. It is possible that the former 
rocks occurred at a higher level of intrusion than those at Mount Hunt. 

Small aplite dikes were observed in the vicinity of the batholith 
in the hornfelses; they are commonly associated with quartz veins and 
fissures and in part seem to occupy fault planes. They are apophyses of 


the Middle Cretaceous batholiths. 
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APPENDIX III-5 


GENERAL GEOLOGY, HOWARD'S PASS DISTRICT 


es Lower Cambrian and Older 

This rock unit though not exposed in the Howard's Pass district out- 
crops further to the S and SE. It is believed to be the oldest unit ex- 
posed in the Nahanni map-area and consists of a lower "grit unit" and an 
upper slate and phyllite sequence. The grit unit is more than 10,000 
feet thick made up of a lower sandy to pebbly sequence and an upper shaly 
sequence; the oe sequence consists of calcareous, gritty, feldspathic 
sandstone, pebble conglomerate and silty shale and slate, locally contain- 
ing thin beds of dark grey, fine-grained impure limestone; the upper Se- 
quence is mainly maroon and green shale totalling about 3,000 feet in 
thickness. The upper unit is estimated to have a minimum thickness of 
8,000 feet at the southeastern part of Nahanni map-area (Blusson, 1967); 
it consists dominantly of brown to red-brown weathering, varicolored 
slates, siltstones and phyllites. The contact between this upper unit 
and the grit unit appears to be conformable. 

The age is tentatively assigned to the Lower Cambrian and older; 
judging from the Early Cambrian trilobites occurring in strata 5,000 
feet above this unit, its age could possibly be Late Hadrynian. 

The unit is correlative with similar sequences in adjacent map- 
areas, "Grit unit" sauuenylddre unit" of Gabrielse et al. (1973) to 
the E in the Flat River, Glacier Lake and Wrigley Lake map-areas; unit 
lin the Frances Lake map-area (Blusson, 1966); units ld and lc in the 
Sheldon Lake map-area (Roddick and Green, 196la) and the "grit unit" 
in the southeastern Finlayson Lake and Ketra River area (Tempelman- 


Kiudthet abs, et974)). 
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2, Upper Cambrian and Lower Ordovician 


The rock unit forms the base of the Howard's Pass district wherever 
seen and can be subdivided into three subunits: a lower massive carbonate 
and siltstone member, a central wavy banded silty limestone member and an 
upper "transition"zone' limestone and dolomite member. 

The lower member consists of massive, buff grey and brown silty 
and sandy limestone and dolomite locally showing calcareous "nodules" 
or lenses; a sequence of light orange, massive siltstone which is lo- 
cally calcareous occurs in the lower part of the member. In the south- 
eastern part of the Summit Lake region about 8 miles SE of Placer's 
main zone, a sequence of red bed about 500 feet thick is exposed; it 
consists of red, orange weathering sandstone, sandy dolomite and cross- 
bedded, ripple marked orthoquartzite. This red bed is believed to be 
the base of the rock unit and represents recycled Lower Cambrian are- 
nites (Blusson, 1967). The base of the rock unit has not been observed 
in the district, but further to the E in the eastern side of South 
Nahanni River, an angular unconformity exists at the base of the unit 
which has been dated as pre-Upper Cambrian in the Glacier Lake and 
Wrigley Lake map-areas further to the E. 

The central member consists of interbedded and thin-bedded (1/2 to 
1 inch) grey limestone and dolomite; locally containing thin shaly 


interbeds or partings which are displayed by widely-spaced cleavage 


giving a wavy banding appearance. Dolomite beds locally form discrete 
lenses containing fine-grained limestone squeezed up between them. 

The upper transition zone member occurs gradationally above the 
wavy banded limestone and consists of thin-bedded limestone and dolomite 
laterally changing into massive calcareous siltstone. The gradation 
probably reflects a facies change that occurs with the deepening of a 


lagoonal or back-reef shelf facies to a deeper water environment. 
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The rock unit is estimated to be more than 1,000 feet thick, the 
lower member varies in thickness and is not always present. The rock 
unit is correlative with the Rabbitkettie Formation and part of the 
Broken Skull Formation in the southwestern Glacier Lake map-area and in 
Flat River map-area (Blusson, 1966). Fossils from these strata indi- 


cate an age of Upper Cambrian to Lower Ordovician. 


2 Ordovician 

The rock unit probably represents a period of uninterrupted cyclic 
sedimentation er eeea: euxinic basins of relatively deep-water environ- 
ment over a considerable period of time. It is exposed as a narrow sinu- 
ous belt in most parts of the district. The base of the unit is a cal- 
careous siltstone sequence very similar to the underlying transition zone 
rocks, but it is believed that some discontinuity in sedimentation between 
the contact existed (House, personal communication, 1975). The thickness 
of the unit varies in places, but an estimate from two sections in the 
southern and northwestern parts of the district (see Fig. III-16 and Fig. 
III-17) and one section at Placer's main zone (see Fig. III-18) yield a 
thickness of 500 to 600 feet. In the Nahanni anticline northeast of South 
Nahanni River, a maximum thickness of less than 1,000 feet has been esti- 
mated by Blusson (1967). 

The rock unit can be subdivided into four members, from base to top: 

(a) Lower Siltstone Member. The rocks are generally very fine- 
grained to black, graphitic and graptolitic siltstone with a lower calcar- 
eous sequence and an upper pyritic graphitic or siliceous sequence. Dip- 
lograptid sp. graptolites found in the Placer's main zone indicate an 


age of Lower to Middle Ordovician (House, personal communication, 1975). 
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The thickness of this member is very thin, probably in the order of 50 
feet or less. 

(b) Cherty Limestone Member. The rocks are dark grey to black, 
fine-grained cherty siltstones containing abundant large clasts and 
lenses of crystalline limestone in highly varying sizes (1 to 5 feet in 
diameter); in Placer's main zone, thinly interbedded cherty and limy 
siltstones are tightly folded and appear to be an integral pattrorgthe 
sedimentary sequence. 

(c) Cherty Siltstone Member. This member probably represents a 
continuing Sediment ation of chert and silt in a siliceous environment 
without a calcareous component. The rock is a massive, dark grey to 
black, very hard and fine-grained cherty siltstone with abundant sili- 
ceous shale partings between beds. Pyrite occurs sporadically in 
places. In most of the sukeLan tne rock is tightly folded without ax- 
ial plane cleavage developed, and without thickening of the fold axis, 
indicating that the folding took place before the consolidation or 
lithification of the rock. Under the microscope, the rock consists of 
abundant cryptograined and interlocking quartz crystals set in a sili- 
ceous and silty groundmass. Lead-zinc mineralization occurs mainly in 
this member, and also in part of the underlying cherty limestone member. 

(d) Siliceous Siltstone Member. The upper part of cherty silt- 
stone member grades into a cherty rock with abundant siliceous shale 
interbeds and into an eatidaiy siliceous shale or siltstone sequence 
which appears to occupy the major section of the Ordovician strata, as 
evidenced by its abundance in Placer's main zone (see Fig. III-18). 
The rock is a very fine-grained, light grey siliceous to shaly silt- 
stone, partly pyritic along laminations; massive beds of black chert 


as well as isolated limestone clasts occur throughout this member. The 
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regional axial plane cleavage affects the member to a great extent and 
abundant slaty cleavages were developed. Minor amounts of sphalerite 
and galena have been seen in some of the limestone clasts. 

The rock unit is correlative with similar sequences in many regions 
of the northern Canadian Cordillera, notably: unit 10 in the general 
Nahanni map-area (Blusson, 1967); Road River and part of Whittaker For- 
mations in the Glacier Lake and Wrigley Lake map-areas (Gabrielse et al., 
1973); unit 11 in the Frances Lake map-area (Blusson, 1966), and unit 4 
in the Anvil Range district (Tempelman-Kluit, 1972). The rock unit is 


therefore assigned an age of Lower Ordovician to possibly Lower Silurian. 


4, Silurian 

This rock unit overlies the Ordovician strata with apparent confor- 
mity and probably represents an environment of submarine channel turbid- 
ity current sedimentation. It can be divided into a lower flaggy dolo- 
mitic siltstone member and an upper siliceous siltstone member. A total 
thickness of about 600 feet for this unit is estimated from available 
geological sections. 

The lower member consists of buff weathering, fine-grained, pyritic 
and partly graphitic grey dolomitic siltstone characterized by dissemi- 
nation of clasts or flakes of clay or carbonaceous material and is flaggy 
in outcrop occurrence; the lower part is generally enriched in graphite 
and massive to disseminated pyrite, towards the upper part a fairly mas- 
sive bed of more siliceous dolomitic siltstone occurs. 

Overlying the lower member in conformable sequence is a siliceous, 
dark grey, thinly laminated siltstone with bedded pyrite in the more 
shaly parts. Minor massive chert beds and limestone clasts occur in 


this upper member. In several locations the member contains barite as 
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brecciated clasts or as disseminations and laminations in the matrix of 
the siltstone. The uppermost part has more sandstone interbeds and is 
very siliceous: grading, ripple-marks, cross-bedding, scouring and 
loading are the common features observed and the rocks probably repre- 
sent a turbidite sequence. Very small-scale Bouma sequences are common- 
ly observed and thus the rocks are interpreted as distal turbidites. 

The rock unit is correlative with the upper part of unit 10 in the 
general Nahanni map-area (Blusson, 1967) and upper Road River Formation 
in the Glacier Lake and Wrigley Lake map-areas (Gabrielse et al., 1973). 
Tentatively, a Silurian age is assigned. 


es Devonian and Mississippian 


Unconformably overlying the Silurian strata is a cyclic sequence of 
conglomerates interbedded with sandstones, siltstones or grits. Each 
cycle starts with conglomerate overlain by interbedded sandstone and silt- 
stone. In the northwestern part of the district (see Fig. III-17) as 
much as eleven cycles were mapped by the writer. The conglomerate usually 
contain rounded chert pebbles and shale fragments in a matrix of black 
shale or siltstone; angular fragments or chips of shale, sandstone boulders 
and large clasts of black shale or interbedded shale and sandstone were 
also observed in the conglomerate. Contacts between individual conglom- 
erate, sandstone and shale beds are sharp; they are overlain by either 
alternating sandstone and shale or by sandstones. The sandstones vary 
in grain size and texture and generally resemble greywacke; cross-bedding 
and ripple-mark were observed locally; the bases are generally sharp and 
often scour underlying beds and the tops are normally sharp. Sandstones 


occur as massive beds as much as 10 feet thick or interbeds (few inches 
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to 2 feet thick) with shale which is weakly graphitic and strongly cleaved. 
Locally near the upper part of the unit, red hematitic liesegang rings or 
bandings were observed in some sandstone and siltstone beds and these re- 
semble red-bed rocks; it is possible that these features merely reflect 
the weathering of pyrite commonly observed in the unit. 
Channel fill and scouring erosion are commonly observed in outcrops 
of conglomerate and interbedded sandstones and siltstones, and the whole 
unit probably represents a slump turbidite flow facies in a deltaic to 
near-shore environment with a low-lying source area for the detritus as 
indicated by the occurrence of hard chert pebbles which were derived from 
the underlying cherty siltstone. A few beds of highly contorted black 
shale containing scattered rounded boulders (up to 3 feet across) of under- 
lying sandstone were found and are good evidence for the slump hypothesis. 
The thickness of the rock unit has not been estimated but probably 
is several thousand feet thick in the region W of South Nahanni River 
(Blusson, 1967). The unit is correlative with unit 18 in the Nahanni map- 


area and an age of Devonian and Mississippian is assigned. 
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APPENDIX IV-1 


ECLOGITES AND THEIR MINERALS, ANVIL RANGE DISTRICT 


Eclogites occurring in late Proterozoic micaceous quartzite and as 
one insitu (?) boulder were collected by the writer in the Anvil dis- 
trict in 1973. Five whole rock analyses by XRF and eighteen analyses 
on garnet, omphacite, amphibole, muscovite and chlorite from these rocks 
by electron microprobe were made. Analyses of whole rock, garnet, 
omphacite and amphibole from a single specimen of eclogite were pre- 
viously published (Tempelman-Kluit, 1970) and are used in the present 
study. Mineral analyses were made on an A.R.L. EMX electron microprobe 
analyser using an Energy Dispersive detector. The analyses quoted rep- 
resent the averages of 10 to 20 spot analyses per sample. 

Whole rock analyses of eclogite with normative compositions and 
some trace elements concentrations are given in Table IV-4. Electron 
probe analyses of garnet, Fh ir amphibole, muscovite and chlorite, 
together with the calculated structural formula and end-member propor- 


tions are presented in Tables IV-5a, b, c, d, and e, respectively. 


am, Introduction 

Eclogites are actually a class of high pressure metamorphic rocks 
forming over a wide temperature range starting perhaps as low as 300°C 
(in the glaucophane-lawsonite schist facies) and ranging up to the tem- 
peratures of migmatite or those of the upper mantle. Literature on 
eclogites is enormous and it is not the purpose of this section to make 
a review; equally vast are the proposed origins for eclogitic rocks. 


The popular view is that eclogites form from a combination of the fol- 


lowing processes: 
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Electron Microprobe Analyses of Garnets 


IV-5a 


Al3-4 HHA-13  31-1A 13-6 
Si09 CRON is rhe ee ais 
A1903 2ISO NT DUES \ eon oer | 
Ti09 - - 0.06 0.10 
FeO 27R07 2720 Mie eseee 07) 83 
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MgO 4.55 5.38 3.42 Rey 
Cad Ths A are 7.93 7.90 
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Structural Formula on 
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the Basis of 12 Oxygens 
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He 
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Iron in Ferrous State 
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Pyrope £7206 


Grossular 19.93 


Boas 

0.79 
20.54 
20.41 


62, 

Ze 
dle 
es 


=909 
-009 
.003 


895 


O77 
~404 
-674 


13 
a2 
25 
10 


AXES) 
-010 
.006 
~ 796 
2029 
-993 
-665 


SO OF Oe OP hd 


End-member Proportions Calculated for all 
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TABLE IV-5b 


Electron Microprobe Analyses of Omphacites 


14.08 


DECS 
99.80 


HHA-13 31-1A A13-6 


56.35 
10.38 
0.04 
4.05 
Speed 
13703 
627, 


9933 


57.73 56.15 
10.28 10.59 
- .15 
0 134 
2S 3s 18 
9.07 9.08 
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5.85 6.24 
02 05710.05 
99.70 99.75 


Structural Formula on the Basis of 6 Oxygens 


and Cations Normalized to 4 
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TABLE IV-5b (cont'd) 


End-member Proportions Calculated After Method of 
Banno (1959) and Essene and Fyfe (1967) 


(1) (2) (1) (2) CL) (2) (1) (2) 
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TABLE IV-5d 


Electron Microprobe Analyses 
of White Micas 


HHA-13 A13-6 

Si0, 46.76 47.76 
A1703 39.62 38.64 
Ti09 0.07 0.10 
FeO 0.30 1.41 
MgO = 1.40 
CaO 0.45 0.31 
Nay0 4.96 3.98 
K0 3.15 1.66 
Cr7203 0.06 0.09 
Fx 0.10 0210 
H20* 4.50 mie 50) 
99.94 99.95 


Structural Formula Calculated 
on the Basis of ll Oxygens 


Si Deiol 2200. 
Al 2158 2.670 
Ti -003 004 
Fe 2025 .069 
Mg c nL22 
Cr .003 004 
Ca .029 .019 
Na DOG Vino a4 ~452 ~995 
K ed ~ 124 
OH i Ber) LG 
Margarite 3.48% 2.42% 
Paragonite 68.10% 57.50% 
Phengite 28.422 40.082 


(Ca,K,Na) , 7Al 9 (Aly, gSi2, 3010) (OH) 1, 


*Assumed content, based on data in literature. 


+ oxwdazeak at bs 54 ba em 


nacht edorgoks tH ee 
ani siid to 


eel ee ine ae 


= i - ; me ; q cx be . ; ree = : ; : 
OE EAS Ci+AgH'. | ¥ . : yr 


aa Aa FR a el} 
ay ve av.ai | pote Ay eee 
NOLBE ee BE Og TA i: 


ae 0,0 sou 
tht (Cr =O . bet i] 
t 5 ty Sey eee eee 7 
te8 2, 5 RO OI a 
§@ 2 PQ <7 eh Oosit , ae 
ad «b thet U)* | WOgm - a 
CQ,6 5b0 et p0c'D nis 
01.0 a0 | : og = 
02.) ” ofa *ogt 3) 
e2,0@.° 7 BRE. Se a ge Ae: 2 aif 


S higalin tay eLearn pero ga: aor 

pregacd Jf ie atnns ork) ib 

O65, = 19%. 

OVS. $ Be\.S 
#00. 

ga0. a 

St. j , 


eee 


URE, Sea,” AER, 


vB 


Fe E Bee eae s. 


» ene etd 

‘ wO2 X28 * sen .aa 
|" 380,08, ESA0S.  maapiced® 
8, 1900 (ie 2889 tHe, te, alee 10 


re 
nay 


ne bs 


a 


“9injeieiTT Uf ejep uo peseq ‘juaquoD pounssy x 


OT*OOT 60°00T 60° 00T 60°O0T 

(era ae 00° on 00" rae ¥0CH 

Ors - OT°O OT'O OT'O > eel 

~ 80°0 - = €o%21 

OT’O 80°0 90°0 60°0 OTN 

7200 97°0 6T°0 8T "0 oun 

OT°O Et O 60°0 10 (0) 

€S°ST OS°02 Cees "8° LT o3n 

87 °% 94° 6T Ar are 06°%Z 0°q 

S0°0Z : SI 0c T?°0Z 020 foc ty 

€L°9Z TEL 79°97 L9°9Z COTS 

eS A ee 8) eee ee eee ee 
9-€TV VI-TE €1-VHH Woe ty 


a a ee ey 


(JeuUreD WOAF pesseis0120yY) SeITAOTYQ Jo seskTeuy eqoradoszoTW uozqETY 


eS-AI ATAVL 


Wee 


eter 7 


. Bash ISS 4 


cs 


z A ay 


. . 
owe ~ a iar “as 


; Pn ae 
20. 00f , * 


ssh go beasd ,.3as3n0 beaweck * 


552 


76S 


OEET 


: a 


OTB (Hota) ho” (tv's) 9> S(a0¢ ENS eo SUM TY! 2a 3H) 


TZ°8 IT*8 

- T0°0 
T0°0 TO°0 
Z0°O Z0°0 
TOi0 = 8626 100m = «56'S 
i gas 7 Gis 
T6°T COrT 

oT 0g Tt: 

Chae Ty" 
ate : ce I a. : ja i 


he 


€6°S 


mol § 


ae 


sueskxQ gT JO STseg ou UO pazeTnoTeg eTnuiog Teanjonaqs 


(p,3uU0d) eG¢-AI ATAVL 


TO. 0 


HO 


ae) 


‘ 
* 4 
Pad = 
. et 
“ * 
a 
a 
oy Fe 
Ps 
~ 
® 
+ 
4 7. « 
rae | 
ee 
id 
x 
' - 
= 
+ 
er” 
g te 
oa 
.. 
be 


7} 


BBE oe ry) 


ution 


: 
a a 
2 
lr 
a 


+. 


a= 


560 


(a) high lithostatic pressure, low water pressure ("dry") metamor- 
phism of basaltic rocks via solid-state reaction. 

(b) concurrent higher water pressure ("wet" or hydrous) metamorphism 
of the enclosing rocks gives rise to glaucophane schist or the high pres- 
sure parts of the greenschist, amphibolite or granulite facies. 

(c) small slices or "tectonic inclusions" incorporated in basic to 
ultrabasic rocks (lower continental crust) such as basanites, perido- 
tites or kimberlite during tectonic deformation ("eclogite facies" sensu 
stricto). 

Therefore, as pointed out by Brown and Fyfe (1972), if "dry" basal- 
tic material is buried along with "wet" basaltic material, during pro- 
grade metamorphism, one would expect at deep levels to find: 

glaucophane schist + the eclogite assemblage > 
greenschist + less eclogite > 
amphibolite + even less eclogite. 

The amount of eclogite would diminish as the wet component releases 
water, eer becomes unstable relative to other facies if water 
becomes a significant component and lithostatic pressure approaches 
water pressure (Fry and Fyfe, 1969). 

On the basis of mode of occurrence, eclogites are conveniently 
divided into different groups (Banno, 1966, 1970; Coleman et.al., 

1965). According to the nomenclature proposed by Coleman et al., 
the cena of eclogites is as follows: 

(a) Group A Eclogites. Inclusions in kimberlites, basalts or 
layers in ultrabasic rocks; often contain diamond, orthopyroxene, or 
olivine and appear to have a deep-seated igneous or metamorphic origin. 

(b) Group B Eclogites. Bands or lenses within migmatitic gneissic 


terrains. These are surrounded by amphibolite and show retrograde 
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metamorphism (including granulite facies eclogite or garnet-clinopy- 
roxene granulite). 

(c) Group C Eclogites. Bands or lenses within the metamorphic 
rocks of the alpine-type orogenic zones, locally forming isolated blocks 


when associated with glaucophane schists. 


2% Whole Rocks 

Petrography of the Anvil eclogites (see Chapter III) indicates that 
they are amphibole eclogites in the broad sense since they contain the 
primary Mies ete aha: omphacite, amphibole and accessory minerals 
rutile, sphene (?), clinozoisite, chlorite, muscovite, quartz, apatite, 
plagioclase (albite), saponite, and opaque minerals (pyrite, chalcopy- 
rite). 

Chemical analyses of the eclogites reveal that they are tholeiitic 
basalts (Fig. IV-10a) and their compositions overlap Group A and Group B 
eclogites but are different from Group C eclogites on an A-F-M diagram 
(Fig. IV-10b). For comparison within the Canadian Cordillera, two 
glaucophane-rich eclogite samples from the Pinchi Lake Mercury Mine area 
near Fort St. James, B.C. were analyzed by the writer and plotted in 
Fig. IV-10a and b.. 

The Pinchi eclogites clearly belong to Group C and are distinctly 
different from the Anvil eclogites. Normative compositions of the Anvil 
eclogites again indicate eae tholeiitic character and distinction from 
most of the Group C eclogites which are generally nepheline normative 
(Fig. IV-l10c). One analysis by Tempelman-Kluit (1970) is slightly 
quartz-normative. Since serpentinized peridotite at Vangorda Fault 
occurs very close to the eclogite outcrop, it is tempting to relate 


the formation of the eclogites to crystallization in an environment in- 
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Fig. IV-10. Comparison of Anvil eclogites with other rocks. 


oO: Anvil eclogites 
A: Eclogites from glaucophane schist terranes 
oO: Pinchi Lake eclogites 
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fluenced by the ultrabasic rocks. Serpentinization has been shown to 
be related to metasomatic production of rodingite (Coleman, 1967) which 
is depleted in Si09 and enriched in Ca. It seems unlikely, however, 
that eclogitization is related in anyway to serpentinization of ultra- 
basic rocks because: | 

1. chemical trends of rodingite indicated in Fig. IV-10a and c do 
not show any plausible process by which a peridotite or pyroxenite from 
the same district can give rise to eclogite. 

2. water vapour pressure of serpentinization at approximate tem- 
perature range of eclogitization (400-500°C) is too high to stabilize 
eclogite relative to other facies (Ghent and Coleman, 1973). 

Comparison of average composition of eclogites and Cambro-Ordovi- 
cian sreenstoneés indicate that eclogites have higher MgO, Ti0?2, Si02, 
and lower Al903, in the rest they are similar. The eclogites therefore 
are apparently different in bulk composition from the basic volcanic 
rocks of lower: Paleozoic age. Foliated amphibolite occurs in the lower 
Cambrian unit just above the "grit unit" in which eclogites occur; how- 

/ 


ever, there is no data on amphibolite to make any comparison. 


3. Minerals 

The end-member molecular proportions or certain cation proportions 
of primary minerals garnet, omphacite and amphibole have been used by 
Pager et ie (1965), Binnd (1965, 1970), Mori and Banno (1973), Essene 
and Fyfe (1967), Ghent and Coleman (1973), Dallmeyer (1974) and many 
others to characterize or distinguish different groups of eclogites: of 
the world. Likewise, white mica and chlorite structural formula and 


molecular proportions can be used in elucidating retrogressive conditions 


in certain cases. 
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Analyses of garnet (Table IV-5a) show compositional overlap with 
those Even eclogites in glaucophane schist, amphibolite and granulite 
rocks (Fig. IV-lla, b). The garnet is distinctly zoned, with Ca and Mn 
enrichment in cores and Fe and Mg enrichment in the rims of grains. 
Similar zoning patterns have been observed in garnet from metamorphic 
rocks as well as eclogite (Hollister, 1966; Dudley, 1969; Ghent and 
Coleman, 1973). 

Microprobe analyses of omphacite were recalculated to estimate 
ferrous-ferric ratio (after the method outlined by Ghent and Coleman, 
1973) and the end-member molecules computed following the procedures 
given by Essene and Fyfe (1967) and Banno (1959) (Table IV-5b). The 
end-member proportions calculated by these two procedures show some 
differences. For reason of consistency with the literature, the former 
results are preferred. Clark and Papike (1968) report that an omphacite 
having a P2 space-group symmetry and a restricted compositional range 
of (jadeite + acmite)/total pyroxene molecules of about 0.5. This lower 
symmetry is interpreted to be the result of cation ordering, whereas 

/ 
other omphacite of C2/c space-group symmetry is interpreted to be dis- 


ordered. Ordered omphacite occurs in Group C eclogite, and disordered 


omphacite occurs in eclogite inferred to be of higher temperature ori- 
gin (Ghent and Coleman, 1973). The (jaceite + acmite)/total pyroxene 
molecular ratios of omphacite from Anvil eclogite are about 0.43-0.44 
(Essene and Fyfe's procedure) or about 0.46-0.53 (Banno's procedure), 
suggesting an omphacite approaching an ordered variety. Therefore, 
Group C eclogites are generally enriched in jadeite and amcite, whereas . 
Group A and Group B eclogites are enriched in diopside, hedenbergite 
and Ca-Tschermak's molecule (Cats). Molecular proportions of omphacite 


from Anvil eclogite show a transitional nature between different groups, 
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Figure IV-1l 


Composition diagrams of garnets, omphacites and amphiboles from 
Anvil eclogites | 


Ca-Mg-Fe compositions of garnets from Anvil eclogites. 


Cie Blueschist metamorphic terrane 
a) Amphibolite facies terrane 


(after Banno, 1967) 


Garnet end-members grossular + andradite (Gr + Ad), pyrope (pyr) , 
and almandine + spessartine (Alm + Spess). 


Gan : 
ey Biueschist tertane 


1: in amphibolite; 2: in charnockite and granulite; 3: Group B 
eclogite; 4: in dunite and peridotite; 5: in kimberlite pipes. 
(after Coleman et al., 1965). 


Omphacite end-members diopside + hedenbergite (Di’+ He), jadeite 
(Jd) and acmite (Ac). 


Ol Group A eclogites 
i _ Group B eclogites 
“ns Group C eclogites 
Ne 9 


(after Coleman et al., 1965) 


Distribution of amphiboles in the composition range: tremolite- 
ferrotremolite-edenite-férroedenite. 


Figure IV-1l. 
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or alternatively, lie close to the composition of Group C omphacite 
(Fig. IV-llc). 

Analyses of green amphibole (Table IV-5c) reveal a composition of 
calcic amphibole with molecular end-members of edenite, tremolite and 
some ferrous components like ferro-edenite and ferro-tremolite (Fig. 
IV-lld). Calcic amphiboles are members of complicated solid solution 
series, and are most abundant in greenschist facies basic rocks or am- 
phibolites (Ernst, 1968), although calcic amphiboles have also been 
described from glaucophane schists of Japan and California (Banno, 
1964; Coleman and Lee, 1963; Ernst, 1965). 

Chlorite rimming or retrogressed from garnet has a constant range 
of Si, Al, Ca, Mn concentration and a higher Mg/Fe ratio than that of 
chlorite in eclogites from blueschist terrain. A notable feature of 
the Anvil chlorite is the high Mg and Ni contents (Table IV-5d). 

eee of white mica from 2 samples (Table IV-5e) indicate that 
the mica is mainly paragonite with solid solutions of muscovite or 
phengite and minor margarite. The maximum solid solution of paragonite 
in mica from eclogites in blueschist terrain is 8 mole % (Ghent and 
Coleman, 1973), whereas the Anvil eclogite mica contains more than 50 
mole % paragonite. Coexistence of paragonite and muscovite in pelitic 
schists (Zen and Albee, 1964) and paragonite and margarite in amphibo- 
lites (Ackermand and Morteani, 1973) have been reported. Pressure- 
temperature stability limits of paragonite, margarite, paragonite + 
quartz have been studied and appear to be stable under intermediate 
temperatures (>650°C) and intermediate-high pressures (<8 Kb) condi- 
tions (Chatterjee, 1970, 1971, 1972). 

Geometric comparison of tie lines of garnet and omphacite from 


different groups of eclogites in a Ca0-Fe0+Mn0-MgO diagram is presented 
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in Fig. IV-12. Temperature-pressure variations and geological occur- 
rences of Groups A, B, and C can be differentiated in this diagram. 

Tie lines for garnet and omphacite pairs from Anvil eclogite are also 
shown. Continuous (parallel to subparallel) sweep across the diagram 
has been taken to indicate that eclogites of varying bulk composition 
formed under similar temperature-pressure conditions (Yoder and. Tilley, 
1962). Conversely, crossing of tie lines must indicate that the T-P 
conditions were different for the eclogites under consideration. Tie 
lines of Anvil garnet and omphacite can be seen to cross those of Group 
C eclogite whereas they are parallel to those of Group B, forming a 
more or less continuous sweep. Thus Anvil eclogites show an affinity 
to Group B eclogites insofar as the partition of Fe(Mn)-Mg-Ca between 
coexisting garnet and pyroxene is concerned. 

Subparallelism within the separate eclogite groups and nonparal- 
lelism from group to group is probably significant; but the partition 
of Ca, FetMn, Mg between garnet-pyroxene pairs is evidently not quite 
similar within the eclogite facies, strongly suggesting that eclogites 


must form under a wide range of temperature-pressure conditions. 


4, Metamorphic Conditions 


Estimation of lithostatic pressure, temperature and fluid pressure 
conditions of eclogite formation in natural rocks has been attempted by 
various authors (Banno, 1970; Mori and Banno, 1973; Ghent and Coleman, 
1973; Taylor and Coleman, 1968; Vogel and Garlick, 1970). Procedures 
adopted for estimation include consideration of subsolidus equilibrium 
(e.g. compositional range of solid solutions, and element partition 
among coexisting minerals), phase equilibria of hydrous and anhydrous 


minerals, and oxygen isotope fractionation among coexisting minerals. 
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Figure IV-12. 


Cad 


Pyroxenes 


: FeO+minO 


CFM plots of coexisting garnet-pyroxene 
pairs from eclogites. Tie lines connect 
these pairs. Long dashed line: Group A . 
eclogites; short dashed line: Group B 
eclogites; dash-dotted line: Group C 
eclogites; solid line: Anvil eclogites 
(diagram after Coleman et al., 1965). 
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The latter can be a useful geothermometer if a quartz-rutile pair is 
available; whereas measurements on omphacite, garnet and rutile do not 
provide good geothermometers (Ghent and Coleman, 1973). 


(a) Formation Temperature. pees and Men partition between co- 
existing primary minerals garnet and clinopyroxene omphacite or between 
ortho- and clinopyroxene pairs as a function of temperatures has been 
studied by Banno and Matsui (1965), Banno (1970), Mori and Banne (1973), 
Saxena (1971), Saxena and Ghose (1971), Kretz (1961, 1963). In this 
study, atomic proportion of Fe in garnet has been assumed to be ee 
since most of the iron in the eclogite (Table IV-4) is in the ferrous 
state, 


For the ion exchange reaction: 


1/3 Fe3A19Si30j9 + MgCaSi20g = 1/3 Mg3A12$i40j9 + FeCaSin0¢ 
(Fe-gnt) (Mg-cpx) (Mg-gnt) (Fe- cpx) 


the distribution coefficient Kp is defined as: 


Keeney,” i /(ake) 
Xmg gnt Xmg cpx 


where Xpe and Xyg are mole fractions of pe and wee. respectively. 
Logarithms of Kp for all eclogites are approximately linear against 
the reciprocal of absolute temperatures (Fig. IV-13a), that is, hichecce 
temperature eclogite has the smallest Kp values. Inspection of Fig. IV- 
13a reveals that Anvil Be ieee represent the lowest Hy ate ears among 
the data quoted. “It is: also clear from the ‘figure that eclogitic«rocks 
from Hawaii (Kp = 1.6) represent one of the highest temperature variet- 
ies, and those from Norway (Kp = 4.5) and Shikoku (Kp = 7.88) intermed- 
iate temperature range varieties. Since formation temperatures of these 
rocks have also been established (Beason and Jackson, 1970; Mori and 
Banno, 1973), the formation temperature of Anvil eclogites can be cal- 


culated from the following equation (Mori and Banno, 1973): 
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Figure IV-13 


: Jee ’ 
Comparison of Fe /Mg ratios in garnets and pyroxenes in 
eclogites and temperature estimates 


(a) Rey Me ratios of garnet and pyroxene. 


QO: Anvil eclogites 
is eclogites in glaucophane schist 
16 eclogites in amphibolite-granulite 


III: eclogites in kimberlite 
IV: Hawaiian-type eclogites 
(b) Temperatures of eclogites from Shikoku and Anvil Range, Yukon. 


(c) Temperatures of eclogites from Norway and Anvil Range, Yukon. 
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where Kg = Kp of highest temperature eclogite (e.g. Hawaii); Ki = Kp 
of intermediate temperature eclogite (e.g., Norway or Shikoku); K9 = 
Kp of eclogite in the question; Top = T of highest temperature eclogite 
(e.g. Hawaii, T = 1150°C); T, = T of intermediate temperature eclogite 


(e.g. Norway, T = 650-700°C; Shikoku, T = 550-600°C); T9 = T of eclo- 


gite in GUBSHIOA: and a = Rin e ene): 
Ko Ko 

A Tj vs. Tg diagram can be constructed for a given temperature 
range, e.g. 300 to 1000°C. From the known temperatures of iberayeere 
Shikoku eclogitic rocks, the formation temperatures of Anvil eclogites 
are estimated to have an average range of 380 to 480°C (see Figs. IV- 
iSb and ©) with a £ull ‘range ef %300°>to 550°C. 

(b) Formation Lithostatic Pressure. Estimation of formation pres- 
sures of eclogites has been made by Mori and Banno (1973) by the use of 
Al903 content of orthopyroxene coexisting with garnet. There are no 
other independent Meer aie. of formation pressure for high-grade eclogites. 

The presence of quartz and albite in the Anvil eclogites allows one 
to consider the stability relation of omphacite in equilibrium with albite 
and quartz and estimate equilibrium pressure of the following two reac- 
tions: 

albite = jadeite + quartz 

jadeite + diopside-acmite-hedenbergite = omphacite pyroxene 

Essene and Fyfe (1967) have constructed a diagram depicting pressure- 


OOS saaei ve mole fraction in omphacite) relationship using an ideal solid 
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solution model assuming that omphacite can be described in terms of the 


components jadeite, acmite, and diopside-hedenbergite with mixing of 


5 


cations on two sites (X and Y in X Y Z206 where X = Na, Ca; Y = Fe" 
Al, Mg, renee Z= Si). Mole fraction of jadeite in omphacite from Anvil 
eclogites (Table IV-5b) and a temperature range of 380°-480°C correspond 
to a pressure range of about 8 to 10 Kb on a pressure-Xjq diagram (Fig. 
IV-14) using the diopside-jadeite curve (diopside and jadeite are the 

two predominant components in omphacite). 

(c) Fluid Pressure. Fluid pressure in metamorphic conditions can 
be approximated by water fugacity (fy50) since composition of metamorphic 
fluid indicates that water is by far the most significant component 
whereas C09, CH4, NaC1-KCl are either minor or unlikely. 

The range of water fugacities can be estimated from phase equilibria 
of hydrous minerals (amphibole, chlorite, clinozoisite, mica) in equili- 
brium with primary minerals garnet and omphacite at given temperatures 
and pressures. At maximum pressure and temperature conditions during 
eclogite crystallization, epidote-rutile was stable and its phase re- 
lation constituted the maximum limit of water fugacity; minimum water 
fugacity at which hydrous minerals remain stable or crystallize in 
equilibrium with primary minerals can be estimated from the retrogres- 
sive reaction of chlorite from garnet. 

A series of reactions involving hydrous and anhydrous minerals 
and their calculated ener fugacity estimates for given temperatures 
and pressures are listed in Table IV-6. Inspection of the table indi- 
cates that the hydrous minerals (chlorite, tremolite, epidote, mica) 
are stable at values of XH50 (ratio of water fugacities for reaction and 
for pure water at given temperatures and pressures) = 0.14 or less (mini- 


nun tniotok X50) over a full range of 300-550°C and 8-10 Kb (refer to 
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pyroxenes (after Essene and Fyfe, 1967). 
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TABLE IV-6 


Estimation of Minimum and Maximum Xy,9 in Fluid Based on 
Calculations from Experimental Panes Equilibria 


a SSS 


(Kb) Temperature (°C) 
Reaction Pressure 300 350 400 450 500 550 
ee mene ee ee ee ee ep kee! ok Pk, 
1 7 2.002 OMS s012.m 2x02 7a O52 1b S808Sin pS 2150 
8 se ei 2502652, 049))) 2.084 2.140 
uy 2029) 2,046 22,080 2.130 
10 | 2026 mers O44 ee s.076 )t2.5120 
2 7 =.0002°> %s.0005 15-001) 75.0022. >..0050. 35.0120 
a) se e 2.0023. 2.0053 2.01/27 
9 hg i e002 Be> 00560 5>,.0433 
10 , 2.0025 2.0060 2.0140 
3 - nf 2.0010) (2.0032 2.013 2.044 
8 i ‘i 200084 2.00237 427009" Sa 031 
9 é 2-U007 2.0015 2.005. 2.017 
10 i ie 2.0005 2.0006 2.001 2.004 
4 7 >.0020° Sa. 0840) “20031059 = S6100) ~2.270 
8 >,0013, 62,0110. 2.026 2.050 2.085 2.143 
9 2.0006: 2.0077 2-020 Wee. 041') 2.069 2c 116 
10 0 2 U0Oh eee Ol Det 052 a. O04 eso 
2 2; 300 eet 557.8 E< 2603 nS. Hes. n.s. 
8 $2205 » S.452 (S074 Hrs. n.S. Nas 
9 s. 110” “S5340" [es.642e 5-960 Ness nes. 
10 $2015 68241 ss) meee} 1. Ss n.s. 
6 7 = = <.0060 <.040 <.1260 <.447 
8 = = S000 sense 9S. LL), 5095 
$ = = <.0047. «4.028 ,. s.0950. <.340 
10 = = <.0040 <.022 <.0800 <.286 


Reaction (1): Mg-chlorite = Forsterite + 2 Enstatite + Spinel + 4H20 
Reaction (2): Tremolite = 2 Diopside + 3 Enstatite + Quartz + H20 
Reaction (3): 4 Zoisite + Quartz = 5 Anorthite + grossular + 2H20 
Reaction (4): Muscovite + Quartz = K-feldspar + sillimanite + H20 
Reaction (5): 3 Lawsonite + Sphene = 2 Zoisite + Rutile + Quartz + 5H20 
Reaction (6): 2 Fe-chlorite + 4 Quartz = 3 Almandine +18H20 


NeSse = NoOtestable. 
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reactions (1) to (4)). A full possible range of temperatures and pres- 
sures was investigated in order to detect the upper limit of a minimum 
XH50 for the Anvil eclogites. 

Lawsonite is not stable at temperatures of 450°C and above for any 
reasonable water fugacity (Reaction 5, Table IV-6; also Ghent and Cole- 
man, 1973); absence of lawsonite in Anvil eclogites suggests that X90 
is less than 0.6 if temperature is around 400°C and pressure 9Kb. On 
the other hand, the presence of garnet sets a maximum limit on XH90 
for given temperatures and pressures. The garnet in Anvil eclogites 
is dominantly almandine, therefore for reaction 6, almandine is stable 
at X10 of 0.3 or less at the peak of temperatures and pressures during 
eclogite crystallization. Spessartite and grossular might stabilize 


garnet at slightly higher XH50 limit (Nicolas, 1966) but spessartite 


only constitutes 2 mole % or less of the garnet solid solutions and the 
effect of pyrope is difficult to predict (Ghent and Coleman, 1973). 

Omphacite is necessarily stable at the relatively low temperature 
range (300-550°C) in the presence of a H720-rich phase. Evidence for this 
stability was given by Essene and Fyfe (1967) and Wikstrom (1970). 

From the above phase equilibria considerations, the most likely XH50 
range over which most of the hydrous and primary minerals would be stable 
Losin the .rder.of XH50 = 0.14-0.30. It seems probable that during eclo- 
gite crystallization, no or a very low fluid phase (i.e. low water fugac- 
ity) was present. The hydrous-anhydrous solid phases in the assemblage 


may be due to buffering water fugacity at low value. 


oy Discussion 


The Anvil eclogites, as stated before, occur as small lenses .inter- 


foliated with muscovite quartzite of probable Hadrynian age. Occurrence 
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of paragonite, green amphibole, zoisite and plagioclase has been taken as 
the characteristic assemblage of eclogites in greenschist-amphibolite 
facies (Hyndman, 1972). 

The close relation of eclogites to the Vangorda Fault has led 
Tempelman-Kluit (1970) to propose that local build-up of high vapour 
pressure near the fault existed long enough to allow transformation of 
some Permo-Triassic basalts to eclogites. He cited occurrence of blue 
amphibole rock near this fault at another locality as supporting evi- 
dence. However, as discussed before, eclogites are not stable relative 
to other facies if water becomes a significant component and lithostatic 
pressure approaches water pressure. Furthermore, eclogitization of ba- 
saltic rocks in contact with tenets rocks is usually accompanied by 


loss of silica and alkali and enrichment in Ca (Coleman et al., 1965; 


Ghent and Coleman, 1973). Neither Permo-Triassic basalts nor ultrabasic 
rocks (peridotite, pyroxenite) could have been transformed to eclogites 
by this process (see Fig. IV-10b). 

It is proposed here that, in accordance with chemical data and field 
association, the Anvil eclogites must have been formed by a dry metamor- 
phism of some "basaltic" rocks or amphibolites in the clastic sediments 
which were Beeiceted to a precedent "wet'' metamorphism during prograde 
metamorphism upon burial. This assemblage of greenschist + few eclogite 
is in agreement with the proposal of Brown and Fyfe (1972). Erratic and 
limited occurrence of eclogites in the muscovite quartzite suggests that 
the formation of eclogites is localized and perhaps resulted from "tec- 
tonic overpressure" during metamorphism (Coleman and Lee, 1962); for 
example, by tectonic overpressure related to ultrabasic intrusion but 
prior to serpentinization. Eclogite lenses in metamorphic terrains may 


have been introduced as crystalline mass by tectonic action (O'Hara and 
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Mercy, 1963). Overthrust or obduction of slices of oceanic crust onto the 
western edge of a continental margin geosyncline during Upper Paleozoic 


and Triassic may have facilitated the metamorphism of the eclogites. 
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APPENDIX V-1 


EXPERIMENTAL CONDITION AND RELATED DETAILS OF ELECTRON MICROPROBE 
ANALYSES OF SULFIDES, CARBONATES AND SULFOSALTS 


Polished sections were prepared from drill core to allow study with 
an electron microprobe as well as by conventional microscopy. 

Chemical analyses of pyrrhotites, sphalerites, carbonates and sulfo- 
salts were made using an Applied Research Laboratory EMX 1967 electron 
microprobe at the Department of Geology, University of Alberta. Analyses 
of pyrrhotites, sphalerites and carbonates using a Silicon-Lithium Energy 
Dispersive Detector were made at an accelerating voltage of 15 kV, a 
microbeam current of 300 nano-amperes and a specimen current of 2530 
nano-amperes. Analyses of Mn, Cd in sphalerites and Pb, Sb, Bi and Cu in 
sulfosalt minerals were made by Wavelength Dispersive Detectors at an 
accelerating voltage of 25 kV (except for Cu and Mn where 15 kV was used), 
and a microbeam current of 100 nano-amperes. The crystal Ammonium 
Dihydrogen Phosphate (ADP) was used for X-ray detection of Sb, Bi and 
Cd, and the crystal Lithium Fluoride (LiF) for the detection of Pb, Cu 
and Mn. Analytical sequence in Wavelength Dispersive Analysis was: 
upper-background readings for samples and standards, followed by peaks 
of standards and samples, then standard peaks were repeated after the 
sample peaks (in order to account for any instrumental drift over time), 
and finally the readings for lower-backgrounds for standards and samples. 
A total of 500 counts with 50 counts on each sample point was made on at 


least three grains of a mineral specimen. 
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Standards used in the analyses of the minerals are for pyrrhotites - 
native Fe, Ni and Co; for sphalerites - willemite, pyrite, native Cd and 
Mn; for carbonates - calcite, pyrite, native Mn and Mg; for sulfosalts - 
galena, native Sb, Cu and Bi. 

Reduction and correction of data obtained by Energy Dispersive 
Analysis was performed using a FORTRAN IV computer program EDATA written 
by C.M. Gold and D.G.W. Smith (1975). Data reduction of analytical 
results obtained by Wavelength Dispersive Analysis was processed by an 
APL computer program PROBEDATA written by M.C. Tomlinson and D.G.W. 


Smith (1970). 
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APPENDIX V-2 


APL COMPUTER PROGRAM MOL FOR ESTIMATING MOLE PERCENTS OF 
SOLID SOLUTIONS IN SULFIDES, CARBONATES AND SULFOSALTS 


A. COMPUTATIONAL PROCEDURE 
The analytical results of elements in sulfides, carbonates or sulfo- 

salts by electron microprobe are rounded off to 100% and each element 
percentage is divided by the atomic weight of the element. Each ratio 

is then divided by the sum of the ratios and the atomic proportion is 
multiplied by the anion percentage and the "anion seiseire tice is added 

to each element percentage. This is the weight percent of each element 
solid solution. The element solid solution weight percent is divided by 
molecular weight of the element solid solution to give mole percent of 


the element solid solution. 


B.. IMPUTS 
The element percentages from the analytical results are given as 
an assymmetric matrix X of N rows and J columns. Atomic weights of the 
elements are given as a vector Y, the last scalar being the atomic weight 


of the anion (S in sulfides and sulfosalts, and C03 in carbonates). 


C. APL PROGRAMS MOL 


Le. MOL for Pyrrhotites 
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oe Output Example 


SAMPLE 1:(ORVER: FES NIS COS CUS MNS) 
MUOL& PERCENT: 68,910439546 26,.80503015 3,8999247 0.3786055684 0 
W2. PERCLIT: 68,20485572 27.39220639 3.995452256 O.4074856341 0 


STUICHLVHETRIC CHECK: 
TUTAL CATIONS: 0,.8045194908 0,3125532277 0.04546996946 0,004406672962 0 = 1,.166949361 


SULFUR: DoOS289N 21 2 


SAMPLE 2:(ORVER: FES NIS COS CUS HWS) 
MuLe PERCENT: 96,00227899 0,8579333989 O.142448541 0.3973390072 0 
WE, eserCuiiT: 98.43701233 0.8843889325 0.1472151948 0.4313855385 0 


STUICHIUMeTRIC CHECK: 
TUTAL CATIUNS: 1.170428456 0,01021972407 0.001696640652 0.004721435316 0 = 1.193066256 


SULFUR: 1,.035429142 


on MOL for Sphalerites 


V MOLSA,83B1;5C3C13C23D3;D13d34322 
ee JO 
1221 J+Jt1 
{35 Z+X[d3 itY 
C4d Bene S\ sl sh SY ste 7 
[Sa AtZ2t+/24 
{o4 beaxXld 564. 
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2721 "TOTAL CATIONS: Osage =) Vet ZZ 
ators SULFUR: 'sZC64 
tat ae Y 
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a Output Example 


MOL 


SAMPLE 1:(ORDER.ZNS FES MNS COS CUS) 
MOLE PERCENT: 85.04501977 14.20981984 0 0,.07987167074% 0,6652887254 
Wile PE RCEN Ls 86.25747136 13.0037645 0 0.0756642192 0.6620999129 


STOICHIOHETRIC CHECK: 
TOTAL CATIONS: 0.8852072816 0.1479040951 0 0,0008313539192 0.006924771797 = 1.040867502 


SULFUR: 1,04%1167665 


SAMPLE 2:(ORDER.ZNS FES MNS COS CUS) 
MOLE PERCENT: 91.86383791 8.047962905 0 0.08819918478 0 


BES pep ROOM IEE 92.59759235 7.319371036 0 0.08303661364 0 


STOICHIOMETRIC CRECK: 
TOTAL CATIONS: 0.9374789659 0.08200977671 0 0.0008992195453 0 = 1.020387962 


SULFUR: 1.062999002 
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a MOL for ysb-Eb-Cu Sulfosalts 
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6. Output Example 


MOL 


SAMPLE 1:(ORDER: PBS SB2S3 CU25) 

MOLE PERCENT: 76.39094037 21.70672881 1.302330826 

VEO PERCENT: 70.4230368 28.41144908 1,166514121 

STOLCLOUETRIC CHECK: 

TOTAL CATIONS: 0.2975867561 0.1712197125 0.01490399748 = 0.4837104661 
, SULFUR: 0.5161863772 


SAMPLE 2:(QRDER: PBS SR2S3 CU2S) 

MOLE FERCENT: 76.52271145 21.0448264 2.432462151 

WT, PERCENT: 70.84119258 27.66094244 1,497864981 

STOICIOMETRIC CHECK: 

TOTAL CATIONS: 0.3000048265 0.1674743326 0.01920050362 = 0.4866796628 
SULFUR: 0.506237525 


Ls MOL for Carbonates 


iP URE DUE BRU OER lal Ole Cah) Oiled al 8 Ai AA 
<0 
ete +1 
Zee es j ¢yY 
IES ECA S I lal RI ew 
fete, ig 
IOS ex LEO | 
Pesitt) tL Of XE 
CERT Bt 


CA VEG hs bam 0h fe $ 


GW PR > 


COUNSEL 6 Gs Cas eat 


= 


tap igeh Nh ed sal 


40] C2+«C1+60.00935 

14 8 Cs C2 

42] 11<100xMt+/D 

43] NSPE sls COPPER Casati Ces, CACHS. NECOs 2NC03)* 
0 Gly as ary bee 

TS pe ee Cr pats ies 

160) BeCOovor TON Prr arc CrEegiee. 

£2 RO CALITO IS ¢ oN Sai een et oo 

123 COS ease eon) 

49 )0 MASONIC PPOPORSTOrS Gis rers (CORDE 2: Pr uP Chi Mc 2t)' 
204) 72 

Pal 4) ' q 

223 +787?) /2 


1; Roe 


ese } ' i ; i 


ES pie he 
. 


- ’ LZ mm G n “a 
- to a les irGeD 15 
HNL PET ROG, ong #6 Gee ha, ee 
= SHS T 


- — ‘¥ 
‘ . ; “fess eet tart 
ace ee Lue & BA G4 10% : AAAS ps - ei) rine Ra alee - 
-* ba + i; a 247)’ = Ady 
7 e* = ew ROnaS Rat 
RIS, GAAT IO LOta 
a S i P . ; yo 5 an’ 3 Wa + Kot 
L¥sEs* SROLAL : 
4 a 
ghitows 
DI 
HL qwpx eT: 
‘ ; ; \ 
(280) C8690 249 «heaton . 
Kreck ‘ed + FeemeOte at ee 
(fae! . koe f te Gasca. al A 
"; Lae 
aid na} is 
y n 2 ee! bad gv Reroet Taf é . rc. erets , so Hox a’? r pe. ai * ‘Ave 


sobasiat des. Bee oe 


a ; 4 \<) 2! nh ‘1nd 2 WARS ) a4 
S.e Tetsieoaot:| Se 
sted. d MOC OROGH TS HOSEL bua Os :tWrern 

ROAM Dit 25 

- SOCteLe OD . Meroe ectaLlcg Beceeddaot, 0 seyer 
\ BhEEH 5008.1 QBs 


Cait\ OF 245 4.2 
{heii 

ae On Sie tae a a 3 
; PEC OU OOF 

an cVvthe 
DAW Re: bar 

ECCODNE CONN BOSAD, COON COTA TEND ga? 
, fg) y seat Ine 
’ = heed ee 
MIND Di eae 
} R2\eg eo *3hGs) ?) pa SN 
| . Caine? Sade 
1 VA AIS): AVE, 1S a9 Sane q 


, : 7 


586 


8. Output Example 


Seri LORD eon el GOS OL CO MCCOBR LCA) 

MOLLE PRROrie S5.8N76693 2.45529921 2, 708171534 8. 366066599 0.62879501 75 
Giles, EATEN BH GO as Pal ad ake 2 SOLIOSO 9G? S46 G25: 9 SOS 6. 2522 VOCUS OOO 7 oto 
ROMs oh Onin liCy Coy dou 
FOYE OY LE MRED 

eahane OGG TBS. 49/5 

EO OO EE On Ome LO: CORD TIS Tr ain GA MGw rat!) . 

C.760609083 0.02176089%1 0.02400199601 0.07414 651204 y POOS SAO M92 7EHs OO RG do OOo 
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APPENDIX VII-1l 


PREFERENTIAL CHEMICAL DISSOLUTION AND PURIFICATION 
PROCEDURE FOR SULFIDE AND SULFATE MINERALS 


A. SULFIDE MINERALS 

Conventional heavy liquid and magnetic separation procedures should 
help obtaining relatively pure sulfide mineral separates. However, 
galena and sphalerite are sometimes so intricately associated that chem- 
ical procedure is required to purify one of the two minerals. 

The following procedure is employed to purify fine-grained separates 
(mesh size = 200¥270) of lead-zinc sulfides. 

(a) Boiling in 50% acetic acid to remove trace impurities of 
carbonates mixed with the sulfides. 

(b) Cold 3N HCl or lukewarm 1N HCl with constant nitrogen bubbling 
in the presence of a chip of Sn or SiC slowly dissolve galena while 
sphalerite is only negligibly leached or dissolved. This technique is 
used to obtain sulfur from galena in a fine galena separate with minor 
sphalerite fietncee Pyrite or pyrrhotite is unaffected. 

(c) Boiling in 3N HCl with constant nitrogen bubbling in the pre- 


sence of Sn or SiC. chip dissolves the remaining sphalerite while any 


mixture of pyrite is unaffected. 


B. BARITE 
Pure barite separate can be obtained normally by conventional 
heavy liquid and magnetic separation procedures, but sometimes trace 
mixture of sulfides (galena, sphalerite or pyrite) cannot oe removed 
satisfactorily by the physical procedure. The following procedure is 


employed to purify barite separate. 
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(a) Boiling in 3N HCl should dissolve all lead-zine sulfide mixture 
in barite separate. 

(b) In case of pyrite impurity in barite separate, roast the sep- 
arate to about 900°C for one hour in a porcelain cup; pyrite is then 
oxidized to iron oxide and can be easily dissolved in HCl. Barite is 
unaffected. 

(c) In case of barite impurity in pyrite separate, boil the separate 
in HI-H3P04-HC1 reduction solution with constant nitrogen bubbling and 
barite should be readily dissolved while pyrite is not affected (minor 


leaching might occur). 
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APPENDIX VII-2 


APL COMPUTER PROGRAM XS1 FOR ESTIMATING MOLE FRACTIONS OF 
AQUEOUS SULFUR SPECIES 


A. BASIS AND FORMULAE USED FOR THE COMPUTATION 
As demonstrated by Ohmoto (1972), if chemical equilibrium is estab- 
lished in a hydrothermal system, the mole fractions of aqueous sulfur 
species relative to total sulfur content X; can be evaluated from the 


following reactions: 


H9S (aq) Ht + HS 
ioe Se 
-- = 
2H + S0, HS (aq) + 202 
KSO, Kt + SO, 
= 4+- = 
NaSO, Na + SO,z 
Expressing the equilibrium constants for the above chemical reactions 
in terms of KiyoS> KsoF> Kysoz> KKs0z and Kyasoq> respectively, we can write 


the mole fractions of sulfur species as (equations 17 to 24, Ohmoto, 1972): 


ih 
#15) Gg 
C e apt “yuss 


xg- = “gs © Mus" ° Yugs 


C (ay+) 2 omy Ce 


2 
Xso7 Spal’ YH2S where Ay oe 
C * Yg0% Kso7z° (ant) 
XHSO7 peate s 28 = whereyAp7= (£09)? 
HSOZ° YHSO] Kgoz* aqt 
Xxsoz = AL MKT *YKt* VHS 
C*Kyso7% ° YKSOG 
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Xyasoz > Ay “My at Yat* Yigs 
C*Kyaso7,* YNasog 
in which 
Kos ° YHoS SS” we aS” (fo)? * YH9S 
ee ee eer ey) «gle getrr ee ee hy ce ae aren 
Ht * YHs apis Ksoz * (ay) 
eae ayt pees Ke Se yn MINA Nes ae) 


Ysoq; Kusogz * Yusog xsog ° YKsoz Nasoz ° YnaSoZ% 
Mj and yj in the above equations are, respectively, the molality and 
activity coefficient of a species i. Values for Ky, My and yy (i denotes 


aqueous sulfur species) from 150° to 350°C have been compiled and given 


by Ohmoto (1972). 


B. _IMPUTS 
Imputs for the APL program XS1 are either given values or separately 
calculated; they are: C, KyoS> YH9S> KHS-> Yosro! You. Lue Ysoq? Ads 


Kusoz> Yusog? Mkt» YKt> Kxsoz>» YKsOZ» MNat> Ynat>» knasog» YNasog» at 


given pH, I°C# tonic. strengths and fo, range. 


C. APL PROGRAM XS1 
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APPENDIX VII~2 


APL COMPUTER PROGRAM DSI FOR ESTIMATING ISOTOPE 
COMPOSITION OF AQUEOUS SULFUR SPECIES 


A. BASIS OF COMPUTATION 
see Ohmotowmig 72. ps 02-953): 


The mean isotopic composition of sulfur in ore solutions, ‘soa 
te) 


can be closely approximated by: 


ae ae au Bit 
686 (68158 Xs) Te SSie= go) 8 NOSES SE eas 
Sime ie: 0S 34 . Bie te :. 
(oS 505 XS0%) % (87150) soy; ae (S550; Xxsoy? af 
(6s 34 


NaSO, * Xyaso7 


in which oe is the isotopic composition of a sulfur species i and Xj 


is the mole fraction of the sulfur species. 


4 
When the isis value is taken as a reference, sg34 values of other 
2. 


sulfur species in the solutions and of minerals which precipitate from 


the same solutions at the same temperature can be expressed as: 


Ee as 


where A; is the relative isotopic enrichment factor between a sulfur 


species i and HgS. The above two equations can be rewritten as: 


34 34 eS ee 
Bg hes nk NC ace ee eee (A507 Xo, es 
(Aus04 # Sac t (Axs05 iexc0; ee Nas0rs. NaSO,? 


Values for Ay over temperature range 150° to 350°C have been compiled 
and given by Ohmoto (1972). 
The computer program is written for the last equation for ZnS 


(sphalerite), FeS2 (pyrite), PbS (galena), and sulfate (as BaSO4). 
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B. _IMPUTS 
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34 
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5g GES); és. hy Ag=> A 


Imputs for the program XS1 are 6S S04” 


4 = - = as = = d - at given pH 
“Hs07” AKSO;,” *NaSO;,’ ais cee eecon so, Naso, “SBE ae 


iG, / and fo, range. 
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C. APL PROGRAM DSI 


V DSI3sd3D8S 


Cij J+0 
fo) J<J+1 
ac" DS«(PTS+DITL JJ -((DIUSXXHS )+(DS2*XS2 )+(DSO4xXSOY )+(DHSOYUXXHSOY )+(DXSOUXXKSOY )+DVASOUXXNASOY)) 
C4j '"VHE CALCULATED DS34 VALUES FOR "sZC0J3J]3' OVER THRE DESIRED FO2 RANGF AT' 
{53 (Pats Pipe? DS34( TOTAL SULFUR)=';0TS;' TeC='373' IONIC STRENGTH=1";" ARE?! 
C6] Som pNS 
7a >(J<4)/2 
C8] i x, 

v 

D. OUTPUT EXAMPLE 
UST 


THE CALCULATED DS34 VALVES FOR SPHLIRT OVER THE DESIRED FO2 RANGE AT 
PH=10 DS34( TOTAL SULFUR)=25 TeC=200 IONIC STRENGTH=1 ARF: 


~8. 200481669 ~8.200481669 ~8,200481669 "8. 200481669 ~8,200481652_ 
8.200479913 8. 200306089 8,182923654 ~0.2288573262 29.14368142 
30.56870116 30.5870983 30,58729176 30.58729299 30,587293 


THE CALCULATED DS34% VALUES FOR PYRITE OVER THE DESIRED FO2 RANGE AT 
PH=10 US34( TOTAL SULFUA)=25 TeC=200 IONIC STRENGTH=1 ARE: 


~o,900481669 ~6.900%81669 ~6.900481669 “6.900481669 ~6,900481652 
~b.900479913 ~6.900306089 ~6.882923654 1.071142674% 30,44368142 
31.86870116 31.8870983 31.88729176 31.88729299 31. 887293 


THE CALCULATEV DS34 VALUES FOR GALENA OVER THE DESIRED FO2 RANGE AT 
PH=10 US34( TOTAL SULFUR)=25 Te°C=200 LONIC STRENGTH=1 ARE: 


vit; So04b1 67, TUE 5 ISOUMS AUS 7/ Sd. S30KB167 ~41,33048167 7“41,33048165 
11.33047991 ~711.33030609 11.31292365 ~3,358857326 26,.01368142 
27243870116 27.4570983 27.45729176 27.45729299 272457293 


THE CALCULATED DS34% VALUES FOR BARITE OVER THE DESIRED FO2 RANGF AT 

PH=10 DS34( TOTAL SULFUR)=25 MfTeC=200 IONIC STRENGTH=1 ARE: 
24.99951833 24,99951833 24.99951833 24,.99951833 24.99951835 
24.99952009 24,99969391 25.01707635 32.97114267 62.34368142 
63.76870116 63.7870983 63.78729176 63.78729299 63.787293 
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APPENDIX VII-3 


LABORATORY PROCEDURES FOR LEAD ISOTOPE WORKS 


A. SEPARATION AND EXTRACTION OF LEAD FROM SULFIDE AND 
SULFATE MINERALS 


is Iron and Copper Sulfides 

Metallic sulfides such as pyrite, pyrrhotite, chalcopyrite, chal- 
cocite, bornite always contain at least microgram traces of lead. 

The following chemical separation and extraction procedure is em- 
ployed to obtain lead from a relatively small amount of sulfide: 

(a) Add 10 cc of double-distilled 8N HNO3 to dissolve 50V100 mg 
sulfides; slowly evaporate to dryness on a teflon-covered hot plate 
(this may take several hours); repeat. 

(b) Add 4 ce of double-distilled 8N HC1; again evaporate to dry- 
ness; repeat this step with 2 cc of double-distilled 8N HCl. 

(c) Add 3 cc of double-distilled 1.5N HCl to dissolve evaporate. 

(d) Filter-pour (or centrifuge beforehand) the sample solution into 
an ion-exchange resin column (3 cc of Dowex 1-8 resin in 8 mm diameter 
x 15 cm length teflon column) preset in double-distilled 1.5N HC1; 
discard the eluate; wash column with 3 cc of double-distilled 1.5N HCl. 

(e) Elute metres with 10 cc of double-distilled 1.5N HCl. 

(f£) Strip lead from the column by adding 10 cc of triple-distilled 
water; collect the eluate in a cleaned beaker. 

(g) Evaporate the eluate to dryness. 

(h) Convert the evaporate to nitrate form by adding 2 cc of double- 
distilled 8N HNO3; evaporate to dryness again; and add 10 cc of double- 


distilled 2% HNO3. 
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(i) Transfer the sampie solution to a cleaned extraction funnel; 
extract lead by cleaned dithiocarbozone (dithiozone) reagent in the 
presence of 10 cc of cleaned ammonia citrate and 5 ce of cleaned KCN; 
Pieot the extraction solution is adjusted tomabout 8.5. 

(j) Obtain about one or two cc of sample solution (in double- 
distilled 2% HNO3) containing lead in a cleaned beaker; evaporate to 
dryness; and seal the beaker with parafilm wrap. 
dig Galena and Sphalerite 

The separation and extraction procedure of lead for galena and 
sphalerite is the same as that for iron and copper sulfides except that 
step (a) is skipped, and that step (i) is modified somewhat for sphal- 
erite as follows. Extract zinc by cleaned dithiozone in the presence 
of cleaned ammonia citrate and KCN at a pH of about 63 repeat several 
times (impossible to isolate completely zinc from lead); and extract 
lead by the same reagent mixture at a pH of 8.5. 

Sp Sulfate (Barite) 

is. RSE and dissolution procedure step (a) for barite is as 
follows. Add 2030 cc of double-distilled 8N HNO3 and 8N HCl (mixing 
proportion of HNO3:HC1l = 2:1) to slowly leach and dissolve 1020 mg of 
finely ground barite powder on a teflon-covered hot plate (this may take 
one day). Add a few drops of cleaned HBr. After most or all barite 
powder has been dissolved, evaporate the solution to dryness. Continue 


with step (b) to step @). 
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B. MOUNTING OF LEAD SAMPLE ON RHENIUM FILAMENT FOR 
MASS SPECTROMETRY ANALYSIS 


(a) Place one drop of silica-gel solution on an outgassed sample 
(Re) filament and evaporate slowly to dryness with an overhead (8 inches 
above the filament) ultraviolet heat lamp. 

(b) Place one drop of purified 0.75N phosphoric acid on the pre- 
viously evaporated lead sample (as lead nitrate); warm the drop under 
the heat lamp unitl it is barely wet. 

(c) Pick up the lead-nitrate-phosphate solution with an acid~cleaned 
capillary tube and mount one drop of the solution on the dried silica~-gel 
in the center of the filament; warm with the heat lamp for about 5 min- 
ices. then turn off heat Lamp. 

(d) Switch on electric current passing through the filament and 
turn up to 0.7 or 0.8 amps; hold there for 15 to 20 minutes. 

(e) Increase filament current slowly up to about 1.4%1.5 amps; 
phosphate should start to fume off. 

(f£) Increase current steadily to 1.6.1.7 amps; remaining phosphate 
should fume off. 

(g) Turn up the current to about 2 amps or more whentthe filament 
glows dull red; leave it for a few seconds. 

(h) Turn down the current and then up again to above 2 amps; repeat 
two to three times. 

(i) Turn off the current. Mounted sample should be in the center 
of the filament and appears pure white. 


(j) Store the sample filament for mass spectrometry analysis. 
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